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Abstract
The Lower Silurian Lockport Group in Ontario and Michigan comprises, in ascending
order: Gasport, Goat Island, Eramosa, and Guelph formations. Guelph facies architecture
reveals deposition on an underlying carbonate ramp of Eramosa and/or Goat Island
carbonates that dipped towards the Appalachian Basin. Temporally, Guelph facies reflect
initial open marine transgressive phases that become increasingly restricted marine and
karstic upward. Spatially, the facies display the most restricted marine and karstic fabrics
in the central portion of the ‘Michigan Basin’ and are most open marine to the east.
Newly acquired regional data supports the re-interpretation of the classic Guelph-pinnacle
reef models as karst towers that formed in a paleokarst basin. This new regional
perspective of the classic ‘Guelph-play’ will help to explain some of the challenges faced
by oil/gas explorationists trying to both map/predict production zones and encourage reevaluation of existing plays and enable successful exploration of new targets.

Keywords: Lockport Group; Guelph Formation; Lower Silurian; Michigan Basin;
paleokarst basin; pinnacle reefs; karst towers; carbonates; facies; stratigraphy;
sedimentology.
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Chapter 1: Introduction
1.1 Introduction and general purpose of investigation
This study forms part of a regional deep bedrock aquifer mapping program by the Ontario
Geological Survey that is intended to better understand the stratigraphic controls on
groundwater flow across southern Ontario. Data from more than 56 rock cores drilled
across southern Ontario since 2004, and hundreds of deep bedrock water well and oil/gas
well records, including selected key cores from Michigan, have been incorporated to
provide the first comprehensive regional stratigraphic perspective of the Guelph
Formation and its relationships to the underlying formations of the Lockport Group.
The Lockport Group, as recognized in southern Ontario and Michigan, is a
succession of open- to restricted-marine carbonates of Wenlock age, comprising, in
ascending order, the Gasport, Goat Island, Eramosa, and Guelph formations. Despite
having been studied for more than 150 years, efforts toward improving the understanding
of the relative ages and lithofacies composition of stratal units of the Lockport Group
have proven challenging to stratigraphers, sedimentologists, and petroleum
explorationists. Major factors that have hindered progress toward establishing a regional
synthesis of these aspects of the Lockport Group include: 1) the paucity of good
exposures of the entire Lockport Group succession; 2) no previous designation and
detailed description of type sections for the Eramosa and Guelph formations within the
Lockport Group; 3) correlation difficulties related to lateral changes in lithology within
and among stacked dolostone units of the Lockport interval; 4) complications posed by
the overprinting effects of post-depositional processes such as karst-related erosion and
subsurface dissolution, and diagenetic phenomena related to large-scale fluid flow (e.g.
dolomitization); and 5) the lack of a unified stratigraphic nomenclature between
subsurface and surface studies and across political boundaries.
Much of the economic importance of the Lockport Group succession lies in the
intrinsic value of its constituent dolostones as industrial materials (Brunton & Dekeyser,
2004; Brunton et al., 2005; Brunton, 2008; 2009). The dolostones are quarried not only
for direct use in construction applications (e.g., building stone, ornamental stone and
aggregate), but also as high-purity sources of dolomite. Dolomite itself finds demand in
1

the production of feedstock chemicals (especially magnesia, as used in the manufacture of
fertilizers, pharmaceuticals and a variety of industrial chemicals); refractory products (as
used in steel and glass manufacturing); and magnesium metal. In addition to supporting a
significant part of the mineral resources sector of southern Ontario, some units of the
Lockport Group, most notably the Gasport and Guelph formations, host a significant
proportion of the region’s potable groundwater supply (Brunton, 2009). Likewise, the socalled ‘Guelph reefs’ of the Lockport Group have long been recognized as significant
hydrocarbon reservoirs and potential gas storage repositories in the deeper subsurface of
the Michigan Basin. Somewhat less obvious, but no less relevant to southern Ontario’s
economy, is the profound influence of the erosional characteristics of the Lockport Group
strata on the region’s physiography – best illustrated by the Niagara Escarpment (Fig.
1.1), the physical presence influences a variety of economic sectors, including tourism,
agriculture and urban development.
The fundamental goal of this thesis is to provide a better understanding of the
regional stratigraphic variability of the Lockport Group, with particular focus on the
Guelph Formation (Fig. 1.2). This work builds upon the studies of Brunton (2008; 2009)
in Ontario and Brett et al. (1995) in New York State, among others. This regional
sedimentologic/stratigraphic study includes the introduction of type sections and the
description and correlation of two members and eight facies for the Guelph Formation.
The entire Lockport Group was studied in each of the boreholes and outcrops in order to
understand the tectonostratigraphic framework of the Guelph Formation spanning the
northwestern Appalachian and Michigan basins.

2

Figure 1.1: Outcrop/subcrop distribution of Silurian Rocks in the Michigan and
Appalachian basins; include the mixed siliciclastics and stacked carbonates of the
Lockport and Salina groups. In southern Ontario, Lockport Group strata form the Niagara
Escarpment cuesta and outline the inferred eastern and southern edges of the Michigan
Basin. CS=Chatham Sag (modified from Sanford, 1969; Pratt et al., 1993)

3

1.2 Rationale and general objectives
In recent years, the sequence stratigraphic studies of Brett et al. (1995) and Brunton
(2008; 2009) have made significant progress in overcoming the challenges of regional
correlation and paleoenvironmental interpretation of Lockport Group strata, in both
outcrop and drill core. To improve our understanding of the regional stratigraphic
architecture of the Guelph Formation, this project employs a multidisciplinary approach,
integrating aspects of sedimentology/stratigraphy and biostratigraphy to better constrain
the correlation of stratal units. More specifically, this overall approach involves three
main objectives:
1) To describe and correlate facies seen in boreholes and key outcrops
throughout southern Ontario in order to better understand their distributions and
better understand local and regional changes in depositional environments. In
particular, such correlations help determine how the architecture of the formation
changes when traced westward from the easterly outcrop belt into the subsurface
(transecting the northwestern edge of Appalachian Foreland Basin and
southeastern margin of the Michigan Basin (Fig. 1.1);
2) To describe the petrographic characteristics of selected facies, with the aim of
relating microtextures – especially those either overlooked or misidentified – to
the macroscopic features observed in outcrop and cores;
3) To provide a stratigraphic framework for the chemostratigraphic and conodont
biostratigraphic record of the Guelph Formation to allow correlation of
stratigraphic intervals in which lithic and macrofaunal attributes are insufficient.
So confused has the definition of the Guelph rock unit become that strata
recognized as ‘Guelph’ in some previous studies actually belong to stratigraphic units
positioned in the Lockport Group, but well below the Guelph Formation. Key issues
relating to more specific components of this investigation are discussed later in this
chapter, following a brief account of the geographic and geologic context of this study.

4

Figure 1.2: Traditional subsurface Paleozoic strata of southern Ontario. Group names are
in capital letters; Silurian strata highlighted with colour (modified from Armstrong and
Carter, 2010; after Winder and Sanford, 1972). This study will follow the Silurian
stratigraphic scheme of Brunton and Brintnell, 2011, as described in section 2.2.
5

1.3 Geologic setting
The geographic region represented in this study straddles two Paleozoic sedimentary
basins. The northwestern part of the region borders the southeastern and central parts of
the Michigan (intracratonic) Basin, whereas the southeastern part lies along the distal
northwestern margin of the Appalachian (Foreland) Basin (Fig. 1.3). Between these two
basins, and following the axis of southern Ontario, is a broadly linear northeastsouthwest-trending zone that delineates the ephemeral position of the forebulge zone
separating both basins. The northern and southern segments of this zone, called the
Algonquin and Findlay arches respectively, are separated by a local, saddle-like structural
low called the Chatham Sag (Fig. 3.1).

1.3.1 Michigan Basin
The present-day Michigan Basin is a roughly circular, largely undeformed, intracratonic
basin covering an area of 196, 400 km2 and centred in the lower peninsula of the State of
Michigan, where its basement attains its maximum depth of approximately 5 km (Fig.
1.3; Alling and Briggs, 1961; Telford, 1978; Howell, 1990). From Michigan, the margins
of the Michigan Basin extend into the neighbouring states of Wisconsin, Illinois, Indiana,
Ohio, and the western part of southwestern Ontario. In Ontario, the Michigan Basin is
bounded by the Canadian Shield to the north and east and by the Algonquin Arch
trending northeast-southwest. The Algonquin Arch flexure or forebulge region affected
the continuity of sedimentation from the Appalachian Foreland Basin through to the
interior of Laurentia (Michigan Basin) throughout Paleozoic time. Some authors suggest
this differential movement resulted in differential subsidence of individual fault bounded
megablocks; the Bruce megablock, north of the arch, relative to the Niagara megablock,
located to the south of the arch (Sanford et al., 1985).
The underlying factors that initiated the development of the Michigan Basin remain
controversial, although it is suspected that mantle plume activity may have played a
significant role in determining its saucer-like form, either via localized lithospheric
thinning (Mitrovica et al., 1989) or lithospheric drawdown associated with the cooling of
plume material (Howell, 1990; Kominz and Bond, 1991). Alternatively, others have
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attributed its early development to intraplate stresses reflecting the far-field
compressional effects of craton-margin tectonics (Quinlan, 1987; Beaumont et al., 1988).
In any case, it is generally agreed, on the basis of stratal patterns within the basin,
that the Michigan Basin had begun to subside by at least the Late Cambrian, and
thereafter experienced intermittent episodes of subsidence into the Early Jurassic (Sloss,
1988; Howell, 1990). The nature of subsidence experienced in the Michigan Basin during
this time varied significantly. Perhaps most notably, Coakley and Gurnis (1995)
demonstrated that during the Late Ordovician, the Michigan Basin departed from its
predominantly bull’s eye pattern of subsidence to a more uniform, platform-like pattern,
tilting unidirectionally toward the east. The authors attributed this phenomenon to
regional-scale lithospheric deflection associated with subduction-related mantle flow that
accompanied the Taconic Orogeny, in a manner similar to that described for the
Cretaceous Western Interior Basin by Beaumont et al. (1993). It is reported that basincentred subsidence of the Michigan Basin was reactivated during the Late Silurian,
coinciding with renewed tectonic loading in eastern Laurentia (now eastern North
America) associated with the Salinic Orogeny/Disturbance that was also responsible for
increased rates of flexural subsidence (as recorded by accumulations of transgressive
marine deposits) in the adjacent Appalachian Basin (Ettensohn and Brett, 2002).

1.3.2 Appalachian Basin
The Appalachian Basin is a retro-arc foreland basin that formed by flexural lithospheric
subsidence in response to events of orogenically-induced loading that took place along
the eastern margin of Laurentia from Middle Ordovician through Permian time
(Ettensohn, 2008). Over this time interval, spanning approximately 220 million years,
four major episodes of orogenic uplift- the Taconic (Middle Ordovician-Early Silurian),
Salinic (Silurian), Acadian (Devonian-Mississippian) and Alleghanian (Pennsylvanian
Permian) orogenies took place – each corresponding to a major collisional event in
eastern Laurentia (Ettensohn, 2004). Lithospheric loading associated with each of these
orogenic episodes led to the asymmetric deepening of the trough-like foredeep of the
Appalachian Basin proximal to the orogenic belt, and concomitant uplift and

7

Figure 1.3: Structural features and rock thicknesses of Phanerozoic strata of the
Michigan and surrounding basins. Contours show thickness of Phanerozoic
rocks in metres. The Algonquin Arch is positioned further to the south than has
been traditionally shown in tectonostratigraphic maps. The drilling and
integration of subsurface data between Hamilton and Cambridge-Guelph has
enabled a much better understanding of the position of the forebulge (Algonquin
Arch) during deposition of Lockport Group in southwestern Ontario (modified
from: Brunton and Piersol, 2009; after Johnson et al., 1992).
8

migration of an ephemeral distal forebulge (with smaller, higher frequency events).
In total, the Appalachian foredeep is approximately 2,050 km long, extending from
southern Quebec and southeastern Ontario to northeastern Alabama (Fig. 1.5), with a
maximum width of 530 km, and covers an area of 536,000 km2 (Colton, 1970). The total
thickness of Paleozoic strata filling the foredeep ranges from 600 m in its western part to
13,700 m in the deepest part of foredeep in the east (closest to the orogenic belt).
The Appalachian Basin is bounded by: (i) the Algonquin, Findlay and Cincinnati
arches to the west; (ii) the Adirondack Dome, and Blue Ridge and New England uplands
on the east; (iii) the erosional updip limit of Laurentian and Frontenac arches of the
Canadian Shield; and (iv) the adjacent, and obscurely defined, Black Warrior Basin to the
south (Fig. 1.5; Milici and de Witt, 1988; Ettensohn, 2008; Lavoie, 2008).
The elongate shape of the Appalachian Basin today is a reflection of the most recent
Alleghanian Orogeny (Lavoie, 2008). Movement and changes to the shape of the
Appalachian Basin occurred with alternating phases of orogenic loading and unloading
throughout the Paleozoic, as mass was redistributed from highland areas to foredeep areas
(as sediment), and as the lithosphere responded accordingly, via flexural subsidence, to
load migration (Sanford, 1993). These changes influenced outside the Appalachian
boundaries with surrounding intracratonic basins, including: the Moose River, Illinois,
and Michigan basins (Quinlan and Beaumont, 1984; Sanford, 1993; Ettensohn and Brett,
2002).

1.3.3 Paleogeography
During the Early Silurian the study region, which includes the Michigan Basin and the
distl western part of the Appalachian Basin, was largely covered by shallow subtropical
epicontinental seas (Cocks and Torsvik, 2011). Sedimentation in the Appalachian Basin
was strongly influenced by events of tectonic uplift in the east that was accompanied by
the shedding of terrigenous siliciclastic detritus from the highlands into the foredeep; and
carbonate production was restricted to the clastic-starved western part of the basin. The
amounts of siliciclastic sediment delivered to the distal part of the Appalachian Basin, as
represented in the study region, varied largely in step with phases of orogenesis
(tectophases; Fig. 1.4). Increases in sediment supply appear to have immediately followed
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uplift events and changes in sediment dispersal patterns appear to have been associated
with relative changes in sea level – as controlled by the interplay between subsidence
rates and responses to glacio-eustasy (Brett et al., 1998).
In comparison to the Appalachian Basin, the Michigan Basin received relatively
little siliciclastic sediment during the Early Silurian. For this reason, shallow marine
through more restricted marine environments persisted in the Michigan Basin, rendering
them conducive to the growth of microbial mounds as well as more skeletal-rich shoals,
biostromes, bioherms, and larger-scale composite microbial-skeletal buildups (Brunton,
2008; 2009). Therefore these stacked carbonate-dominated successions would possess
numerous disconformable contacts, of variable temporal and spatial significance, in
response to changes in accommodation and corresponding forebuldge movement.
The prevailing view at present of the Michigan Basin during Early Silurian time is
that the basin was rimmed by reef and reef-like buildups, which led to restriction of water
circulation from the open ocean and the progressive migration of evaporitic conditions
toward the basin centre as sediment accretion continued to fill the basin inward from its
margins (Sanford, 1969; Shaver, 1996). Significant to the Guelph Formation are the socalled pinnacle reefs that are interpreted to have grown closer to the basin centre where
subsidence rates are presumed to have enhanced vertical reef growth (relative to more
marginal areas where lower subsidence rates favoured lower-relief patch reef and
biostromal buildups).

1.3.4 Intracratonic basins
In North America, it is often not recognized that two different types of intracratonic basin
exist: (i) Erosional-Remnant Basins, and (ii) Bull’s Eye Basins. Erosional–Remnant
Basins, such as the Illinois and Elk Point basins, are relatively tectonically quiet and
surrounded by arches and domes. In contrast, Bull’s Eye Basins, such as the Michigan
Basin, are more tectonically active with differential down sinking of the basin structure.
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Figure 1.4: Phanerozoic Tectonic Cycles for eastern margin of Laurentia during
Paleozoic and western margin of Eurasia during Mesozoic-Tertiary. The band widths
represent relative tectonic intensity during various tectonic events and farfield responses
(after Sanford, 1993; Sanford et al., 1985). The Lockport Group strata was deposited
during short-lived, episodic tectophases in late Early Silurian time (modified from:
Brunton and Piersol, 2009).
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Figure 1.5: Location of intracratonic basins, the Appalachian Foreland Basin (A) and
main structural features in eastern United States and southeastern Canada. Intracratonic
basins as follow: Black Warrior Basin (B), Illinois (I), Michigan (M) and Moose River
(MR). Basins are divided by the following arches: Cincinnati (cn), Findlay (fl),
Algonquin (al), Frontenac (fr), Laurentian (la). Black triangles represent direction and
location of movement between the Appalachian and surrounding intracratonic basins.
Other major structural features shown: Grenville Front (gf) and Allegheny Front (af). The
Blue Ridge is the chain of Grenvillian, Mesoproterozoic basement inliers and/or massifs
located east of the Appalachian Basin as illustrated by the black areas. The Adirondak
dome (a) defines an eastern limit of the Appalachian Basin. Major Iapetan rifts within the
Appalachian Basin are not shown (modified from Ettensohn, 2008).
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Typically, subsidence is short-lived, episodic and coincides with times of inter-regionally
extensive erosion; most notably of the halite units (Smith, 2002).
In the case of the Michigan Basin, recognition of such short-lived tectophases and
their influence on the preserved sedimentary package in regional context is still poorly
constrained. Smith (2002) outlines features that have often led to the misconceptions of
the Michigan Basin’s bull’s eye structure:
(i) The Proterozoic Midcontinent Rift System is thought of as the proto-Michigan
Basin. The Midcontinent Rift transects through the present-day basin center
(Fig. 1.3).
(ii) The Cambrian to Mid-Ordovician unconformity (Sauk sequence) thickens to
the east and west in the subsurface of southern Michigan and is completely
removed in southern Ontario (Catacosinos et al., 1991; Johnson et al., 1993).
The thinning of the above sequence in southern Ontario has been interpreted
as the early development of the Michigan Basin which would incorrectly
classify it as an erosional-remnant basin.
(iii) The Mid-to Late-Ordovician quartz arenites, St. Peter Formation, 300 m thick
in southern Michigan are commonly interpreted as a basinal feature (Winter
et al., 1995). However, these quartz arenites are eolian sand ergs recording
the Mid-Ordovician erosion event and are randomly dispersed throughout
North America (Smith, 2002).
Southeasterly-directed regional tilting occurred during the time of Late
Ordovician Black River and Trenton group deposition marking the beginning of basin
movement and the Michigan Basin (Coakley and Gurnis, 1995). Smith (2002) suggested
that the reef bioherms and inter-reef units of the Guelph Formation were deposited in
epeiric seas creating an inter-regionally extensive carbonate platform. During Salina-A
time differential subsidence resulted in the Michigan Basin tilting to the northwest
producing a ‘half-moon’ ‘Salina A Basin’. Prior to tilting, differential block-faulting at
the inferred margins of the Michigan Basin facilitated ‘pinnacle reef’ growth and epeiric
carbonate deposition continued on the inter-regional platform into Salina A time.
At the end of Salina A time, the A-2 black shale blankets the entire basin
recording a cessation of subsidence of the ‘Salina A Basin’ and biohermal growth. The
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Upper Salina Group, from the top of the A-2 black shale to the top of G Unit, is a
regionally consistent layer of dolostone, shale and halite. At the end of G time the basin
centre subsides, producing the first ‘bulls-eye’ Michigan Basin, followed by subsurface
erosion of salts in the east due to water moving into the basin.

1.4 Region of study
The present study covers all of southern Ontario and parts of Michigan State, USA. Major
outcrop sections of Lockport Group strata are concentrated in an arcuate belt that follows
the Niagara Escarpment in a northwestward direction from Niagara Falls to Cockburn
Island (Brunton, 2008; 2009). Additional outcrops referred to in this study include those
located in the vicinities of Guelph, Elora, Fergus and the Bruce Peninsula. Drill cores
used to examine Lockport strata in the subsurface of southern Ontario are from various
sites located along the Niagara Escarpment but are more heavily concentrated in the
Guelph-Cambridge-Waterloo area (Brunton, 2009; Brunton et al., 2010). Additional drill
cores from the subsurface of southeastern and northwestern Michigan were used to better
understand the regional character of Lockport Group strata.

1.5 Data and methods
In this study, both core and outcrop data were used to carry out facies analysis and
stratigraphic correlations. Core data provide the best vertical control on the thickness and
contacts of stratigraphic units. Outcrops gave a broader perspective on lateral variations
in lithology and stratigraphic architecture. Lithological fabrics tend to be more
pronounced in outcrops due to weathering, making it easier for visual differentiation. By
integrating subsurface and outcrop data, the stratigraphic units can be defined and
correlated with greater reliability.

1.5.1 Core analysis
The bulk of this study is based on lithological data obtained from cores and gammaneutron density logs of 51 wells in southern Ontario and five wells in Michigan. Cores
from southern Ontario are stored at the Oil, Gas, and Salt Resource Library in London,
Ontario and at the Ontario Geological Survey in Sudbury, Ontario. Cores from Michigan
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reside at the Michigan Geological Repository for Research and Education (MGRRE),
affiliated with and located at Western Michigan University in Kalamazoo, Michigan.
Well identification data is listed in Table 1.1 and locations are shown in Figure 1.6. Wells
were first selected from the easterly outcrop belt of the Niagara Escarpment in southern
Ontario, then westward into the present-day Michigan Basin extending to northern
Michigan (Fig. 1.1), and southward into Lake Erie across the interpreted location of the
Algonquin Arch into the Appalachian Basin (Fig. 1.4).
Cores extending from the top of the Rochester formation to the base of the Salina
Group were favoured when selecting cores to analyze. Cores spanning the interval of
interest are less common because only the oil/gas bearing zone is cored, commonly a
portion of the Guelph or A-1 Carbonate formations. During recent systematic mapping of
Silurian bedrock aquifers and aquitards along the Niagara Escarpment region by the
Ontario Geological Survey (Brunton et al., 2010), numerous cores have been extracted in
the southeastern portion of the study area, spanning the stratigraphic interval from the
upper Cabot Head Formation to the base of the Salina Group.
The stratigraphic units logged in detail included the Rochester, Decew, Gasport,
Goat Island, Eramosa, Guelph and basal Salina formations (Fig. 1.2), with emphasis on
the Guelph Formation. Detailed logging of lithology, sedimentary structures, fauna,
porosity, and diagenetic alteration fabrics (stylolites, mottling, and brecciation textures)
was completed. Representative samples of recurring facies were collected for detailed
petrographic examinations. Measurements were recorded in feet to correspond with
drilling data, and subsequently converted to metric units. Formal core logs were
completed in CorelDraw.
A total of 63 samples were taken of different facies from key cores and thin
sections were prepared at the Petrographic Service facility of the Ontario Geological
Survey in Sudbury, Ontario. Petrographic analyses of thin sections revealed microscopic
properties of facies, which were examined and photographed using a Leica Macroscope
Z16 APO. Analysis of mineralogical composition of six polished thin sections comprising
the main facies was studied using the Zeiss EVO50 scanning electron microscope (SEM).
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A
Well Name
Corden et al-2
Corden et al
Union Imp-25
Imp Seck-6
TecDow-7
TecDow-2
Payne-8
Payne-4
Rosedale-1
Ram-5
Imp-619
Imp-407
Fletcher-1
Geco-N-1
Geco-WG-2

B

Well Name
Elgin-56-E
Elgin-158-N
Elgin-184-I-2
Elgin-56-P-2
Elgin 158-C
Kent 221-P
Kent 409-M
Kent 309-X
Kent 308-W-2
Kent 236-E
Norfolk 124-N
Norfolk 124-B
Welland 24-T

C

Well Name
OGS-82-4
OGS-82-2
OGS-82-1
OGS-CORB
OGS-89-3
OGS-89-2
OGS-89-1
OGS-90-1(89-4)
OGS-90-2

D

Well Name
Beier et al.-1
Therrin
Ray Reef
Miller WSCC
St. Homestead-1-33

E

Well Name

UTM
Easting Northing
396042
4737723
395926
4735503
392928
4737438
386458
4746983
386702
4751866
386447
4751204
385850
4744771
386086
4744212
403877
4736388
393995
4726980
424657
4758564
424569
4758009
392895
4681904
549957
4836326
551682
4847225

Licence No.

UTM
Easting Northing
507074
4722064
502470
4691414
504368
4684642
507054
4717844
503703
4695634
459957
4671652
378946
4618157
384989
4641935
378696
4642595
403999
4667639
536753
4700615
538710
4703624
635652
4736274

UTM
Easting Northing
481621
4959855
411111
4693402
380263
4739841
551301
4887647
448193
5007163
461500
4991850
474170
4969990
469760
4985650
487450
4932640

Licence No.

OGSR Cores, London, Ontario --Onshore Oil & Gas wells
Location
KB Elevation (m)
Core No.
County
Township Lot-Concession
T003144
599
Lambton
Moore 5-II
194.20
T002806
382
Lambton
Moore 5-I
190.80
T009022
525
Lambton
Moore 10-II
189.90
T008747
523
Lambton
Moore 21-IX
200.60
T007292
992
Lambton
Moore 21-XII
193.30
T007290
996
Lambton
Moore 21-XIII
195.60
T009017
598
Lambton
Moore 22-VII
195.70
T009020
198
Lambton
Moore 22-VII
195.10
T003000A
578
Lambton
Enniskillen 9-2
198.10
T002585
604
Lambton
Sombra 24-IX
190.50
T010048
410
Lambton
Warwick 13-II
222.50
F010418
140
Lambton
Warwick 13-III
224.60
T005792
760
Kent
Tilbury East 9-NMR
186.20
T008959
1082
Wellington
Nichol 7-II
405.00
F013460
1057
Wellington
West Garfraxa 13-V
435.00

OGSR Cores, London, Ontario --Offshore Oil & Gas wells
Location
Core No.

T002759
T003204
T008522
T005337
T003235
T003999
T005732
T004820
T005746
T004228
T003415
T007126
T002887A

County

Lake Erie: Block-Tract

Elgin
Elgin
Elgin
Elgin
Elgin
Kent
Kent
Kent
Kent
Kent
Norfolk
Norfolk
Welland

KB Elevation (m)

56-E
158-N
184-I2
56-P2
158-C
221-P
409-M
309-X
308-W2
236-E3
124-N
124-B3
24-T

178.92
187.45
180.50
180.50
185.93
181.66
181.60
187.80
180.60
181.97
187.76
181.10
188.10

Interreef
Waubuno Pool
Seckerton Pool
Moore 3-21-XII Pool
Payne Reef Pool
Rosedale Pool
Terminus Pool
Warwick Pool
Fletcher Pool
n/a

Pool or Industry Name

n/a
n/a
Lake Erie-Silver Creek Pool
n/a
n/a
n/a
Lake Erie-Point Pelee Pool
Lake Erie-Tilbury Pool
n/a
Lake Erie-Clear Creek Pool
n/a

OGSR Cores, London, Ontario --OGS-Cores --Stratigraphic test wells
Location
Licence No.
Core No.
KB Elevation (m)
County
Township Lot-Concession
T006056
862
Bruce
Albermarle 25-IW
198.10
T006045
860
Kent
Harwich 25-IECR
184.70
T006044
994
Lambton
Moore 18-FC
192.00
H000015
1098
Dufferin
Melancthon 251-II
503.34
T007473
089-3
Bruce
St. Edmunds 47-IIIW
203.65
T007470
089-2
Bruce
Lindsay-31-VIIW
180.60
T007469
089-1
Bruce
Eastnor-6-IVW
185.80
T007471
090-1
Bruce
Lindsay-7-III
191.70
T007586
OG90-2
Bruce
Amabel-7-A
226.90

UTM
Easting
Northing
375023
4738183
362074
4757538
346365
4741095
554426
4873541
578564
4939327

MGRRE cores, Kalamazoo, Michighan--Oil & Gas Wells
Location
Permit No.
County
Township-Range
P#25749
Macomb
4N-16E
P#31466
St. Clair
6N-15E
P#24987
Macomb
5N-13E
P#37699
Mason
19N-17N
P#28034
Benzie
26N-14W

OGS Cores, Sudbury, Ontario--Stratigraphic test wells
UTM Coordinates
Location
Easting
Northing

DDH1-09
518575.83
DDH2-09
506815.65
DDH3-09
549632.12
DDH4-09
533655.08
DDH5-09
543698.63
DDH6-09
540992.51
DDH7-09
542154.67
DDH8-09
564761.72
DDH9-09
566794.38
DDH10a-09
559259.53
DDH10b-09
562402.94
DDH11-09
572951.57
DDH12a-09
489547.65
DDH12b-09
489572.28
DDH13-09
496692.13
DDH14a-09
485469.58
DDH14b-09
485141.70
DDH15-09
459022.17
DDH-SW001
504931.20
DDH-SW002
506070.56
OGS-SW003
508287.48
OW5-06
566441.11
Wilson-TW2
541389.00
Wilson-TW3
5411217.00
Wilson-TW4
540935.00
GD3
560016.59
GD3
560016.59
GD4
560082.11
Ironwood-TW
562135.03
Lynden-OGS-DDH2
562378.00
Sheffield-OGS-DDH4 564201.90

999
617
1062
1029
267
675
755
692
758
690
449
951
648

Pool or Industry Name

4918323.62
4912872.11
4909368.18
4900100.00
4835435.28
4866597.85
4826162.05
4849040.21
4830175.81
4880809.33
4880687.07
4815228.09
4938828.57
4938829.56
4937558.10
4955823.17
4955668.61
5008721.61
4868929.64
4867735.24
4869453.49
4823588.08
4867613.00
4867886.00
4867559.00
4818933.70
4818933.70
4819136.22
4818395.25
4880646.00
4796922.00

Chatsworth-NE
Williamford-Desboro
Feversham
Flesherton
Elora - Middlebrook Rd
Wilson Farm-Luther Lakes
Westmontrose-RofW
Orton-Hillsburgh area
Rockwood
Shelburne
Shelburne
Badenoch-Watson Rd
Park Head-S Bruce Pen.
Park Head-S Bruce Pen.
LedgerockQ-OwenSd
Ledgerock NorthQ-Wiarton
Ledgerock NorthQ-Wiarton
Cyprus Lake
Mount Forest Area
Mount Forest Area
Mount Forest Area
Arkell Springs area, City of Guelph
Luther Lakes
Luther Lakes
Luther Lakes
City of Guelph
City of Guelph
City of Guelph
Ironwood - City of Guelph
Lynden - City of Hamilton
Sheffield - City of Hamilton

KB Elevation (m)
614.40
730.00
704.00
658.60
759.00

KB Elevation (m)
392.00
318.00
472.00
451.00
393.00
523.00
324.00
465.00
359.00
497.00
497.00
327.00
224.00
224.00
246.00
270.00
230.00
208.00
n/a
n/a
n/a
351.62
n/a
n/a
n/a
n/a
n/a
n/a
n/a
223.40
n/a

Table 1.1: Locations and well information of cores used in this study. Locations are
plotted in Fig. 1.6. Cores of (A), (B), and (C) are located at the Oil, Gas, and Salt
Resource (OGSR) Library in London, Ontario; (D) at the Michigan Geological
Repository for Research and Education (MGREE), in Kalamazoo, Michigan; and (E) at
the Ontario Geological Survey (OGS) in Sudbury, Ontario.
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Figure 1.6: Map of the region of study with well names and localities of Lockport Group core-hole data. Oil & gas wells are
indicated by red dots; stratigraphic test wells by purple dots; key outcrops or quarries by black triangles. Core details and locations
are listed in Table 1.1; outcrop details and locations are listed in Table181.2.

1.5.2 Outcrop sections
Outcrop investigation included a reconnaissance of all Silurian units in southern Ontario
from Manitoulin and adjacent Islands southward to the Bruce Peninsula, all exposures
and accessible quarries of the Niagara Escarpment and the Guelph region (Figure 1.6;
Table 1.2).
Serving as the cap rock of the northern Bruce Peninsula, outcrop exposures of the
Guelph Formation from Cave Point northward to Tobermory are extremely weathered
and very rubbly. Key outcrop sections of the Guelph Formation are located in the Guelph
region and have been integrated in the regional stratigraphic correlations (Fig. 1.6). These
include the Guelph Dolime Quarry, Reformatory Quarry, the Guelph rail-way cut and the
Irvine Gorge section:
1) The Guelph Dolime Quarry, located to the south of downtown Guelph,
provides the best exposure of the Guelph Formation and lower contact
with the underlying Eramosa Formation. This has recently been
designated the type section of the Guelph Formation by Brunton (2009).
The section exposes 16 m of Guelph, displaying both the lower reefal
facies and upper lagoonal facies and the sharp disconformable contact with
the underlying bituminous Eramosa. Although a good exposure of the
Guelph Formation and its contact relationships with the underlying
Eramosa Formation, issues remain concerning the detailed study of the
section. Since the section was initially measured in 2008, the underlying
Eramosa Formation has been quarried leaving a largely inaccessible
southern face of quarry where basal reef mound facies were previously
accessible. However, sections of the Guelph Formation can be examined
on the eastern side of the quarry. Once quarrying of the Eramosa
Formation is complete within the next five years, the quarry will be
allowed to fill with water up to the contact between the Eramosa and
Guelph formations.

19

Lockport Group
Outcrop
Guelph Dolime
Quarry

UTM
Easting Northing
559697

4819498

Guelph rail-way cut
Irvine Gorge-Elora

564238
544623

4822150
4836023

Reformatory Quarry
Devil's Glen-Quarry
Marc's ReefGuelphRfs-Hwy6
Wiarton Rd Cut
Elora Quarry
Glen Christie-Quarry
Lafarge-N-Quarry
Red Hill ValleyParkway
Vinemount-Quarry
Lincoln-Quarry

564687
554319

4822108
4802671

475476
488786
547090
556987
581740

4985041
4955312
4837559
4813665
4795362

596639
608492
623009

4784111
4781711
4773620

Formation(s) represented
Type Section - Guelph Fm; Gasport
Fm; Eramosa Fm
Type Section-Eramosa Fm, Guelph
Fm
Type Section - Guelph Fm
Type Section - Eramosa Fm; Guelph
Fm
Guelph Fm
Guelph Fm
Type Section-Amabel Fm
Guelph Fm
Guelph Fm
Eramosa Fm, Guelph Fm
Cabot Head-Goat Island Fm
Eramosa Fm
Eramosa Fm

Table 1.2: Locations and formations represented in Lockport Group outcrops used in this
study. Outcrop locations are plotted in Fig. 1.6; Fm=formation.
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2) The Reformatory Quarry is an abandoned quarry located at the east end of
Guelph on the property of the Guelph Correctional Centre. First mapped
by Williams (1915a) and described by Goudge (1938), the quarry is
protected by trees and little weathering of the face provides good, clean
exposures of the Guelph and Eramosa formations. Approximately 3 to 5 m
of Guelph dolostone is exposed and the lower contact with the bituminous
Eramosa Formation (Goudge, 1938; Caley, 1941).
3) The Guelph rail-way cut, less than 1 km directly west of the Reformatory
Quarry (see above), was first mentioned by Williams (1919) as the
Canadian Pacific rail-way exposure near the Eramosa River in the eastern
part of the city of Guelph. Williams briefly described 3.7 m of light brown,
thinly bedded Guelph resting on bituminous Eramosa beds.
4) The Irvine Gorge located in Elora, approximately 30 km northwest of
Guelph, was described and measured by Logan (1863) as 25 m of Guelph
Formation. Later described in detail by Williams (1919) as consisting of: a
lower 4 m fossiliferous thin-bedded dolomite dominated by Favosites
favosus, Pycnostylus guelphensis, and stromatoporoids; and 21 m of light
buff thick-bedded dolomite containing Megalomus canadensis,
Conchidium occidentale, and Coelocaulus sp.
Given accessibility and exposure, the Guelph railway cut would serve as the best
type section for the lower Guelph strata and the Irvine Gorge for the upper Guelph strata.
No Guelph exposures show the upper contact, which has made it difficult to define a
single formal type-section.

1.5.3 Regional cross-sections
Structural cross sections, using mean sea level as datum, were constructed using Corel
Draw. Sections were constructed using the top of the formation as a correlation horizon
on the basis of lithological characteristics and macrofossil content seen in core and some
gamma ray log characteristics (when available). Previous authors have had difficulty
using the gamma ray log distinguish the formation of the Lockport Group, hence the
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Guelph-Lockport term used in the subsurface. This is largely due to where many of the oil
and gas wells are situated, whereby the distinctive sedimentologic and stratigraphic
aspects of the mid-shelf facies become more generic mid- to inner-shelf facies, displaying
similar gamma ray signatures.

1.6 Organization of the thesis
Followed by the above objectives and introduction to the study, the remainder of this
thesis will be divided into the following five chapters. Chapter two discusses previous
studies of the Lockport Group and the multiple revisions to the stratigraphic
nomenclature, both in Ontario and adjacent jurisdictions. The third chapter describes the
regional stratigraphic subdivisions of the Guelph Formation and introduction of eight
facies. Chapter three also provides descriptions of designated type sections of the
Eramosa and Guelph formations and detailed core and outcrop descriptions, and regional
stratigraphic cross sections. The facies are interpreted in chapter four and placed within a
stratigraphic context for the underlying Lockport Group rock units and overlying Salina
Group A-Unit. The fifth chapter re-evaluates the Guelph ‘pinnacle reefs’ and discusses
the implications of the stratigraphic framework on the current view of the Silurian
paleogeography. Chapter six provides a summary of the main findings of this regional
evaluation of the Guelph Formation and its relationship to underlying carbonates
Lockport Group.
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Chapter 2: Previous Studies and Stratigraphy of the
Lockport and Salina Groups
2.1 Introduction
Subsurface stratigraphic terminology for the Silurian is shown in Figure 2.1. Recent
revisions by Brett et al. (1995) and Brunton (2008; 2009) to the Clinton Group and
Lockport Group (previously known as the Albemarle Group, Liberty, 1968; Sanford,
1969; Liberty and Bolton, 1971; Johnson and Telford, 1985; Armstrong and Goodman,
1990; Johnson et al., 1992); and the nomenclature for the Salina Group outlined by
Sonnenfeld and Al-Aasm (1991) and Armstrong and Carter (2010) will be used in this
study.

2.2 Lockport Group: Gasport, Goat Island, Eramosa and Guelph formations
Nomenclature of the Lockport Group has undergone considerable revision in the Niagara
region (Fig. 2.2), on the Bruce Peninsula (Fig. 2.3) and in the subsurface (Fig. 2.4). In this
report, the term Lockport Group will follow the classification schemes used by Rickard
(1975), Brett et al. (1995) and Brunton (2008; 2009), and includes the following
formations: Gasport, Goat Island, Eramosa and Guelph. The Lockport Group was
previously known as the Albermarle Group by Bolton (1953) comprising the Fossil Hill,
Amabel, and Guelph formations. The Amabel Formation (Bolton, 1957), was divided into
four distinct members on the Bruce Peninsula, including: the Lions Head, Colpoy Bay,
Wiarton, and Eramosa. In the City of Guelph and Niagara areas, the Amabel Formation
was divided into numerical members (Johnson et al., 1992). Today, the term Amabel
Formation is commonly used by the petroleum industry in southwestern Ontario to
classify all units above the Grimsby and/or Cabot Head formations and below the
Eramosa Member and/or Guelph Formation (Armstrong and Carter, 2010).
The resistant reefal and crinoid-shoal-rich dolostones of the basal Gasport and
Goat Island formations, and the overlying and karst-prone Eramosa and Guelph
formations form the stepped dolostone cuesta of the Niagara Escarpment in southern
Ontario (Fig. 1.1) – note that along much of the eroded cuesta edge, the cliffs comprise
Gasport and Goat Island crinoid-rich dolostones. Only along the northern Bruce Peninsula
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and around the City of Guelph, are there exposures that comprise a smaller cuesta of the
overlying Eramosa and Guelph formations.
The Wenlock to possibly Early Ludlow age rock units of the Lockport Group
consist of clean, shallow marine skeletal dolostones with intermittent biostromal and
biohermal reef complexes (Fig. 2.1). Lockport Group strata represent a time of major reef
mound development during a series of T-R cycles (Brunton, 2008; 2009). Some authors
have interpreted the Lockport Group succession been deposited during a forced
regression (Brett et al., 1999).

24

Figure 2.1: General stratigraphic nomenclature and relationships of Silurian units most
recognized among industry geologists in southwestern Ontario. Compiled from Sanford
(1969), Gill (1977a), Cercone and Lohmann (1986), Bailey (1986; 2000), Brunton (2009),
Armstrong and Carter (2010), Cramer et al. (2011). Red lines represent major hiatuses.
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Figure 2.2: Historical summary of the Lockport Group nomenclature for the Guelph to Niagara region.
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Figure 2.3: Historical summary of the Lockport Group nomenclature on the Bruce Peninsula.
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Figure 2.4: Historical summary of the Lockport Group nomenclature in the subsurface of southwestern Ontario and southeastern
Michigan.
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Gill (1973; 1977a); Huh et al. (1977); Cercone (1984)

2.2.1

Gasport Formation

The first recognition of the Gasport Formation was in Niagara County, New York, by
Hall (1843) as the Encrinital Limestone, later renamed the Crinoidal Limestone by
Grabau (1901). The first formal use of the Gasport name was by Kindle and Taylor
(1913), renaming the well-exposed Crinoidal Limestones in Gasport, New York: the
Gasport Limestone Member of the Lockport Dolomite. Rickard (1975) was first to
classify the Gasport as a formation, and referred to these strata as the Gasport Dolomite.
In Ontario, the Gasport Formation has a confusing nomenclatural history, names
include: the Lockport Dolomite (Williams, 1914); the Gasport Dolomite Member of the
Lockport Dolomite Formation (Williams, 1919); Amabel Formation (Bolton, 1953; 1957;
Johnson et al. 1992); Gasport Formation (Sanford, 1969); and Member 3 of the Lockport
Formation (Liberty and Bolton, 1971). Despite the recently published changes in status of
the Gasport Formation in New York (Rickard, 1975; Brett et al., 1995) and Ontario
(Brunton, 2008; 2009), some recent Ontario publications still consider the Gasport strata
to be a member of the Lockport Formation (Armstrong and Carter, 2006; 2010).
The Gasport Formation comprises cross-bedded crinoidal grainstone subunits with
locally stacked crinoidal-microbial reef mounds and rhynchonellid brachiopod-bryozoanbivalve coquinas. The crinoidal-microbial reef mounds are dominated by crinoidal
holdfast and large pluricolumnals (diameter greater than 1 cm) from Periechocrinites and
Eucalyptocrinites. The formation has a diagnostic colour of white (crinoidal debris) to
dark blue grey (microbial matrix) and ranges in thickness from 25 to 70 m (Brunton,
2009). Sedimentary bedding structures can include: horizontal planar lamination, ripplecross lamination, and cross bedding.
The type section for the formation is in Gasport, New York (Kinder and Taylor,
1913; Winder, 1961; Brett et al., 2005). Ozarkodina sagitta conodonts in the Gasport
Formation indicate an Upper Wenlock age (LoDuca and Brett, 1991), but recent conodont
biostratigraphy of the overlying Eramosa Formation in City of Guelph area indicate that
the Gasport and Goat Island Formations are older (Early to middle Sheinwoodian in age;
Bancroft and Brunton, 2008).
On the Bruce Peninsula these coarse crystalline encrinites of the Gasport
Formation (= Wiarton and Colpoy Bay members of the Amabel Formation, Johnson et
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al., 1992) are disconformably underlain by the fine crystalline carbonates of the Lions
Head Member, and disconformably overlain by the finer crystalline encrinites of the Goat
Island Formation (Fig. 1.2; 2.3).
In the Guelph-Cambridge region, the Gasport Formation disconformably overlies
the Rochester shale (the Decew Formation is absent). Here, the Gasport thickens,
comprising most of the units from the term Amabel Formation (Johnson et al., 1992), and
serves as a regional aquifer for the Guelph-Cambridge-Waterloo area (Brunton, 2008;
2009). Thickening of the Gasport Formation is a result of significant composite reef
mound growth controlled by local accommodation during Gasport time (Brunton, 2009).
Some cores reveal the nature and erosion on the Gasport seafloor surface prior to Goat
Island and Eramosa deposition (Brunton, 2009). Thickness of the Gasport unit ranges
from 25 to 70 m in southern Ontario (Brunton, 2009) and 6 to 11 m in New York (Brett et
al., 1995).
In the Niagara Falls area, Brett et al. (1995) named two members in the Gasport
Formation: a basal reefal Gothic Hill Member and an overlying/onlapping inter-reefal
Pekin Member. The Pekin Member possesses gypsiferous nodules in shaley carbonate
lithofacies. North of the City of Hamilton, the Pekin Member is not easily distinguishable
due, in part, to the short-lived affects of a migrating forebulge (Brunton, 2009). For the
purposes of this study, members of the Gasport will not be differentiated.

2.2.2

Goat Island Formation

The Goat Island Formation represents deposition during a subsequent transgressive phase
that occurred over an irregular seafloor formed during Gasport time (Brunton, 2009). This
formation was initially defined as the middle member of the Lockport Dolomite, called
the Suspension Bridge Dolomite Member (Cumings, 1939). Howell and Sanford (1947)
renamed the unit the Goat Island Member of the Lockport Formation after the small
island in Niagara Falls, New York. In Ontario, Bolton (1957) followed the nomenclature
of Howell and Sanford (1947). Rickard (1975) gave the Goat Island a formation-level
status. This nomenclature was adopted by Brett et al. (1995) and Brunton (2008; 2009).
Some recent reports consider the Goat Island a member of the Lockport Formation
(Armstrong and Carter, 2006; 2010). In New York, Brett et al. (1995) named three
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members of the Goat Island Formation: the Niagara Falls, Ancaster, and Vinemount
Member. In Ontario, Brunton (2009) adopted the nomenclature of Brett et al. (1995) for
the first two members, but based upon formational contact relationships, and faunal and
lithologic evidence, assigned the Vinemount Member to the overlying Eramosa
Formation.
The type section of the Goat Island Formation has not been formally described,
but the location of an inaccessible type section was chosen on Goat Island of Niagara
Falls, between the American and Horseshoe Falls (Howell and Sanford, 1947). In
southern Ontario, the Goat Island Formation is well-exposed at the Vinemount Quarry,
west-southwest of Grimsby, and displays a thin Niagara Falls Member consisting of
cross-bedded encrinite and a thick Ancaster Member consisting of medium to thinly
bedded terrigenous siliceous-rich carbonates.
The Niagara Falls Member encrinites can be distinguished from underlying more
coarser crystalline encrinites of the Gasport Formation based upon grain size, gamma ray
log signature (Goat Island has greater terrigenous component than clean Gasport
Formation) and distinctive, planar cross-bedding. This member is a blue-grey to bleached
white and gray encrinite in the eastern region of the Michigan Basin. In the northwestern
portion of the Appalachian Basin and the western region of the Michigan Basin, the
Niagara Falls Member is a brownish-tan to brownish-grey, fine to medium crystalline,
thick- to massive-bedded, sucrosic, vuggy dolomite with a diagnostic cross laminated pinstripe pattern. The Niagara Falls Member has low hydraulic conductivity, transmissivity,
and elevated levels of sulphates and halite relative to the underlying Gasport Formation.
Small crinoidal, stromatoporoid, favositid and cladoporid coral patch reefs are also
common (Brett et al., 1995; Brunton, 2009).
The Ancaster Member is a medium ash-grey, finely crystalline, thin to medium
bedded cherty dolostone. Cream-colored chert nodules are a diagnostic feature of this unit
(Brett et al., 1995; Brunton, 2009). The Ancaster has a moderate diversity of fauna and
silicified fossils are common, including the rugose coral Enterolasma, brachiopods
Stegerhynchus, Leptaena, and Howellella, gastropods, and trilobites. A laterally
continuous, thin cherty band of Whitfieldella brachiopods, of 1-2 m, marks the base of the
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Ancaster Member. Typically, the top meter of this unit is biostromal with abundant
Whitfieldella, corals and stromatoporoids (Brett et al., 1995).
The Ancaster Member forms the cap rock of the Niagara Escarpment between
Hamilton and Niagara Falls (Brunton, 2009); and conformably overlies the Niagara Falls
unit from Hamilton, Ontario east to Clarendon, New York (Brett et al., 1995). In the
Guelph area north-westward to the Bruce Peninsula, areas where the Gasport is locally
thin, the Niagara Falls and Ancaster members intercalate forming a ‘hybrid rock unit’
(Brunton, 2009).
The Goat Island Formation has variable thickness, ranging from approximately 8
to 17 m. The Niagara Falls Member ranges in thickness from less than 1 m in the north
end of the Niagara Gorge (Brett et al., 1995), up to 10 m thick in the Guelph area
(Brunton, 2009). The Ancaster Member has a compensatory thickening/thinning relation
to the underlying Niagara Falls Member. The Ancaster Member is less than 1 m in areas
where the Niagara Falls Member is thick (south end of Niagara Gorge); and up to 7 m
thick in Ancaster, Ontario where the Niagara Falls Member thins.
The Goat Island Formation was suggested by Brett et al. (1995) to be Upper
Wenlock to Lower Ludlow in age, spanning the upper Ozarkodina sagitta Zone,
Ozarkodina crassa and Ancoradella ploeckensis conodont Zones.

2.2.3

Eramosa Formation

The Eramosa Formation is a laterally continuous unit blanketing the Goat Island
Formation in the City of Guelph and Niagara areas (Sanford, 1969; Brett et al. 1995;
Brunton, 2009). These overlying uniformly fine-crystalline dolostones of the Eramosa
Formation record anoxic subtidal lagoonal conditions with episodes of microbial mat
development and the establishment of local reef mounds and biostromes. Brunton’s
(2009) field studies showed that when both the Niagara Falls and Ancaster members of
the Gasport Formation are present, the Eramosa Formation thickens preserving all three
of the Eramosa members (discussed below).
The first use of the term Eramosa was by Williams (1915a) who named the
Eramosa Member after the exposure of bituminous dolomites overlying the Lockport
Formation at the Canadian Pacific Railway exposure near the Eramosa River in the
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eastern part of the City of Guelph (see Section 1.6.2) . Williams (1919) redefined the
Eramosa Member as underlain by the unnamed dolomite, now the Goat Island Formation,
and conformably overlain by the Guelph Dolomite. Nowlan (1935) and Shaw (1937)
classified the unnamed dolomite of Williams (1919) as part of the Eramosa Member, such
that the Eramosa included all strata between the Gasport and Guelph dolomites. Cumings
(1939) was the first to state that the Eramosa Member was underlain by the Suspension
Bridge Member, renamed the Goat Island Member by Howell and Sanford (1947). Bolton
(1953; 1957) classified the Eramosa Member as the uppermost member of the Amabel
Formation (Table 1.2). Zenger (1965) was first to consider the Eramosa Member part of
the Lockport Formation. Sanford (1969) removed the Eramosa Member from the Amabel
Formation (Bolton, 1953; 1957) and re-assigned the Eramosa as a member of the Guelph
Formation. The Eramosa was given formation level-status by Rickard (1975). Johnson et
al. (1992) followed the nomenclature of Sanford (1969), but reassigned both the Guelph
and underlying Amabel formations to the Albemarle Group (Fig. 2.1).
Brett et al. (1995) defined the Eramosa Dolomite as part of the Lockport Group,
consisting of 6 major units with lateral correlations extending from the Niagara region of
New York State to the Hamilton area in Ontario. Brunton (2008) defined 2 members in
the Eramosa Formation, the Vinemount and Reformatory Quarry members. The following
field season he added a third member, the Stone Road Member comprising the uppermost
coral-stromatoporoid biostromal beds of the Eramosa Formation (Brunton, 2009). Recent
studies by Armstrong and Carter (2010) continue to classify the Eramosa as a member of
the Guelph Formation. This study will follow the Eramosa nomenclature outlined by
Brunton (2009).
The lowermost Vinemount Member (Brunton, 2008; 2009), is considered by Brett
et al. (1995) to be the uppermost member of the Goat Island Formation. Detailed field
work in the City of Guelph-Hamilton through Cambridge areas (Brunton, 2008; 2009)
and Lagerstätte studies by Tetreault (2001) von Bitter et al. (2007) in the Wiarton region
show correlation of the Vinemount Member faunally and lithologically with the facies of
the Eramosa Formation. The Vinemount Member displays a sharp disconformable contact
with the underlying Ancaster member of the Goat Island Formation in a variety of cores
in the City of Guelph region, has a very distinctive gamma ray log signature, and has a
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distinctive and different fauna from the Goat Island Formation. Therefore, the Vinemount
Member will be classified as a member of the Eramosa Formation in this study.
The Vinemount Member, informally called the Vinemount Shale Beds, is black to
dark grey in colour, thinly bedded, very fine-crystalline argillaceous dolomite with equal
amounts of thin black shale partings. The Vinemount is very bituminous, horizontally
bioturbated with thin white to bluish-grey silicified beds of tiny Whitfieldella brachiopods
and digitate tabulate, cladoporid corals. These black to dark grey shale beds grade upward
into a restricted offshore marine facies characterized by small low-diversity corals,
stromatoporoids, gastropods and rhynchonellid brachiopods. Shale content of the member
decreases west and northward away from the Appalachian foredeep (Brett et al., 1995;
Brunton, 2008; 2009).
The Vinemount Member is well-exposed at the Niagara Gorge and at several
quarries in the Niagara region of New York and Wiarton area of Ontario. The Vinemount
averages 10 m in thickness in the Guelph area (Brunton, 2009) and 5 m in the Niagara
region (Brett et al., 1995). Although the Eramosa is a laterally continuous unit, the
Vinemount Member is not present everywhere and its distribution is controlled to some
degree by distribution of thickened Gasport composite reef mounds (Brunton, 2009).
The sharp contact with the overlying Reformatory Quarry Member is represented
by the distinct lithologic change to a lighter brown to cream coloured, coarsely
crystalline, medium to thickly bedded, stylotized pseudonodular dolostone. Vugs or
mega-faunal skeletal cavities are common and are lined with sulphides: sphalerite, galena,
and pyrite. Local microbial-bryozoan-sponge mounds and favositid-stromatoporoidbryozoan biostromes are also common. Local, storm-influenced bedforms of swaley
cross-stratification (SCS) and hummocky cross-stratification (HCS) are documented in
the Guelph area. Unique to the Reformatory Quarry is the presence of a mappable
strongly deformed seismite bed, ranging in thickness from less than 30 cm up to 1 m
(Brunton, 2009).
Unlike the Vinemount Member, the Reformatory Quarry is laterally continuous
throughout southern Ontario and is represented in the type section of the Eramosa
Formation. Brunton (2008; 2009) assigned the Eramosa type locality in the City of
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Guelph at the Reformatory Quarry, 0.5 km from the east side of the Eramosa River. Here,
the Reformatory Quarry Member is approximately 5.5 m in thickness.
The uppermost member of the Eramosa Formation is the Stone Road Member
(Brunton, 2009). When present, the Stone Road Member is a tan, very finely crystalline,
barren, porous dolomudstone distinct from underlying members of the Eramosa
Formation and the overlying Guelph Formation. Brunton (2009) suggests that the Stone
Road Member may be its own distinctive geological unit.
The age of the Eramosa Formation is controversial. Using conodont
biostratigraphy the following ages have been provided: Early Ludlovian (Berry and
Boucot, 1990; LoDuca and Brett, 1991); Late Wenlockian to Early Ludlovian (Rickard,
1975; Norford, 1997); and Wenlockian (Stott et al., 2001). Recent work using stable
carbon (δ13Ccarb) isotope stratigraphy and conodont biostratigraphy by Bancroft et al.
(2008) suggests the formation is older than previously thought (mid- to lateSheinwoodian in age or Early Wenlock).

2.2.4

Guelph Formation

The Guelph Formation is widely known as dominantly reefal dolostones comprising
complex biostromal and biohermal reef complexes that filled the eastern margins of the
subsiding Michigan Basin during the Late Silurian (Sanford, 1969; Liberty and Bolton,
1971; Armstrong and Carter, 2010). The Eramosa and Guelph formational contact is
marked by a sharp disconformity below a grey biostromal marker above the Stone Road
Member (Brunton, 2008; 2009). This marker bed is named Unit E of the Eramosa
Formation by Brett et al. (1995), and is a regional marker 30 cm to 1 m in thickness
correlated from Hamilton, Ontario to the Niagara River, New York. The marker bed is a
light grey biostromal dolomite with Favosites corals and abundant stromatoporoids (Brett
et al., 1995; Brunton, 2009). The Guelph Formation has been placed in the
Polygnathoides siluricus Zone and a Ludlovian age has been suggested by many (Berry
and Boucot, 1970; Kleffner, 1991; LoDuca and Brett, 1991).
The Guelph Formation was first recognized by Logan (1863) in Guelph and Galt,
Ontario. In New York, Arey (1892) was the first to recognize the fauna and strata of the
Guelph Formation. The Guelph was separated into the Upper and Lower Shelby Dolomite
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in New York by Clarke and Schuchert (1899) based differing faunal types. Kindle and
Taylor (1913), Schuchert (1914), and Ulrich and Bassler (1923) all observed Guelph
fauna in the uppermost Lockport Dolomite. Zenger (1965) correlated what he named the
Oak Orchard Member, Lockport Formation, of New York with the Guelph Formation of
southern Ontario (Williams, 1919; Shaw, 1937; Caley, 1940; Bolton, 1953; 1957).
Rickard (1975) renamed the Oak Orchard Member, the Guelph Dolomite of the Lockport
Group. Rickard’s (1975) nomenclature was adopted by Brett et al. (1995). In the
subsurface of Michigan, the Guelph Formation is equivalent to the uppermost formation
of the Niagara Group and the Engadine Group in northern Michigan (Catacosinos et al.,
2001). In Ontario, the Guelph Formation has been classified as: a formation of the
Albemarle Group (Bolton, 1953; 1957; Johnson et al., 1992); the formation above the
Amabel Group or Lockport Formation (Sanford, 1969; Liberty and Bolton, 1971;
Armstrong and Carter, 2006; 2010); and the uppermost formation of the Lockport Group
(Brunton, 2008; 2009).
Regionally in Ontario, throughout the Michigan and northwestern Appalachian
basins, the Guelph Formation is undifferentiated and characterized as a buff brown-tan
sucrosic dolostone. Lithologically distinctive rock units, thought of as the Guelph strata,
have traditionally been subdivided into facies belts (Fig. 2.5), including a lagoonal belt
and a barrier, patch, and pinnacle reef belt (Burgess and Benson, 1969; Sanford, 1969).
(1) Barrier Reef Belt: is the outer shallow belt located near the margin of the
Michigan Basin. Characterized by cream to tan to grey, fine to medium
crystalline, sucrosic dolomites with low relief biostromes and rare small
bioherms that coalesced forming a barrier.
(2) Patch Reef Belt: is a slightly deeper water belt, located in the Appalachian
Basin. Patch reefs in this belt are medium to dark brown, sucrosic dolomites
with abundant coral and stromatoporoid reef builders. The large bioherms are
isolated and can reach heights of 48.8 m, covering an area up to 162 km2
(e.g. Tilbury Field, see Bailey, 1986). The inter-reef facies is white to light
grey, medium to coarse crystalline crinoidal grainstones and wackestones
(=Niagara Falls Member, Goat Island Formation and/or Gasport Formation
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of this study). Termination of patch reef growth is marked by the recurrence
of the inter-reef facies.
(3) Pinnacle Reef Belt: is the innermost reef belt, located bainward of the patch
reef belt in the Michigan Basin, where subsidence is most rapid in
comparison to the above reef belts. These pinnacle reefs have a relatively
small area of up to 2.02 km2, in comparison to their large topographic relief,
ranging from 91 to 167 m. Low relief bioherms also occur in the pinnacle
reef belt and are interpreted to be incipient pinnacles terminated in early
development (Sanford, 1969).
Lagoonal Belt: is located on the southeastern margin of the Barrier Reef Belt,
bordering the Appalachian Basin. The location of the Lagoonal Belt was
delineated by the presence of the laminates in the Eramosa Formation
(=Vinemount Member of this study), previously considered a member of the
Guelph Formation (Sanford, 1969).
(4) Basin Centre: in the centre of the concentric reef belts a Basinal Facies is
reported only by Burgess and Benson (1969). This facies is a light greybrown to reddish mottled crinoidal limestone with shaly partings (=Niagara
Falls Member, Goat Island Formation and/or Gasport Formation of this
study), recording deposition below wave base in a quiet deeper water
environment.
Bailey (1986) built on Sanford’s (1969) work and subdivided the carbonate
platform into three areas (Fig. 2.6): (i) the outer platform, located most basinward of
the pinnacle reef belt, is recognized as an area where reef growth kept pace with the
rapid subsiding basin; (ii) the middle platform, comprising an inter-reef facies with
small bioherms, represents a period of minimal subsidence resulting in unfavourable
conditions for reef growth; (iii) the inner platform consists of large widespread
biohermal mounds which represent initial subsidence of the basin, followed by a stable
period with no movement, and a drowning of biohermal mounds with further
subsidence.
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Figure 2.5: Traditional view of the Guelph and Eramosa facies belts as defined by
Sanford (1969). Facies belts include: a lagoonal belt and a barrier, patch, and pinnacle
reef belt.
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Figure 2.6: Traditional view of Sanford’s (1969) facies belts divided into three platforms:
(i) outer platform; (ii) middle platform; and (iii) inner platform (modified from Bailey,
1986).
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Recent paleogeographic reconstructions of Carter et al. (1994) and Coniglio et al. (2003)
have combined the patch reef and barrier reef belts of Sanford (1969) and the inner and
middle platforms of Bailey (1986) to form the ‘Ontario Platform’. Carter et al. (1994) also
renamed the ‘pinnacle reef belt’ of Sanford (1969) as the ‘Basin Slope’, a gently dipping
platform to basin zone.
The ‘pinnacle reef belt’ has been studied by many throughout Ontario and Michigan,
key studies include: Ponder (1962), Textoris and Carozzi (1964), Hill (1966), Mesolella
et al. (1974), Gill (1973; 1977a; 1979; 1985), Huh et al. (1977), Sears and Lucia (1979;
1980), Pearson (1980), Cercone (1984), Grimes (1988), Smith and Charbonneau (1988),
Charbonneau (1990, 1991), Smith (1990), Carter et al. (1994), Bailey (1986; 2000) and
Coniglio et al. (2004). Most notably, Bailey (2000) outlined lithologies and exposure
features in these ‘pinnacle reefs’ that contradict the traditional Niagaran reef depositional
models of Mesolella et al. (1974) and Sears and Lucia (1979). These include:
(i)

Pinnacle reefs are not as ‘reefal’ as previously thought and are actually
mud-dominated with a few small coral bioherms.

(ii)

Pinnacle reefs only occur where both the underlying Gasport and Goat
Island formations thicken: the Gasport doubles in thickness from 13 m to
30 m; the Goat Island thickens from 7.5-9.0 m to 27.5-30.5 m; and the
Guelph Formation significantly thickens in the pinnacles from a regional
thickness of 7 m up to 84 m.

(iii)

Flank beds surrounding the pinnacle reefs comprise debris fans formed as
a result of erosion and weathering of the reef core during times of
exposure.

(iv)

Abundant karst surfaces and desiccation cracks due to periodic exposure.

(v)

Internal reef growth surfaces, but surfaces cannot be correlated between
pinnacle reefs.

(vi)

One massive, terminal karst episode representing a period of exposure
prior to deposition and burial of the overlying Salina Group.

(vii)

Reef capping microbial laminites which protect some pinnacle reefs from
infiltration of evaporites.
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In contrast to the reefal interpretations of the Guelph Formation (Sanford, 1969;
Liberty and Bolton, 1971; Armstrong and Carter, 2010), Dekeyser (2006) suggests nonreefal Guelph strata on the Bruce Peninsula represent a time of unfavourable conditions
caused by either a salinity or sea level change. More recent work of Silurian stratigraphy
in the Niagara Escarpment area by Brunton (2009) differentiates the Guelph Formation
into two members: a lower reefal Wellington Member and an upper lagoonal Hanlon
Member. In this area, the Guelph Formation is characterized as a medium to thickly
bedded, cross-stratified, open-marine crinoidal grainstone to wackestone alternating with
thinly bedded megalodont-gastropod bearing lagoonal wackestones and packstones. Rare
biostromal and biohermal reef complexes form proximal to the open-marine sediments
and lagoonal mud-flats (Brunton, 2008; 2009). Key fauna include an abundance of highand low-spired gastropods and spatially associated megalodontid bivalves and trimerellid
brachiopods (Bolton, 1957; Liberty and Bolton, 1971; Armstrong et al., 2002; Brunton et
al., 2005; Brunton 2008; 2009).
In New York, Brett et al. (1995) divide the laterally equivalent Guelph into three
informal units: A, B, and C. Unit A is approximately 1.2 m of stromatolitic dolomite,
locally oolitic, capped by thrombolites and fossil debris of Whitfieldella brachiopods and
ostracods (=Reformatory Quarry Member, Eramosa Formation of this study). Unit B is
1.2 to 1.8 m of oolitic dolomite with black shale partings. Unit C averages 8.5 m in
thickness, having the same lithology as Unit B only vuggy and with interbeds of olivegrey to greenish-grey argillaceous dolomite and black shale; similar in lithology to the
overlying Vernon Shale of the Salina Group. These units of the Guelph are not found in
Ontario, but Brett et al. (1995) report transitional facies of the stromatolitic Unit A in
outcrops from Hamilton and suggest a deepening of an open marine facies in the Guelph
Formation to the northwest.

2.3 Salina Group
The Guelph Formation is overlain by the lowermost microbial carbonates and evaporites
of the Salina Group (Sonnenfeld and Al-Aasm, 1991; Armstrong and Carter, 2010),
previously called the Salina Formation (Sanford, 1969; Johnson et al., 1992).
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In Ontario, the Salina Group comprises up to 420 m of carbonates, evaporites, and
shales underlying the Bass Island and Bertie formations and overlying the reefal Guelph
Formation (Armstrong and Carter, 2010). The Salina Group comprises the lower unit of
the Cayugan Series (Schuchert, 1903), previously called the Cayugan period or group
(Clarke and Schuchert, 1900; Caley, 1940). Landes (1945) first subdivided the Salina
Group into eight formations, which from base to top are referred to as rock units A to H.
Evans (1950) refined this work, subdividing the A unit into A-1 and A-2. The H Unit was
correlated with the upper unit of the Cayugan Series in Michigan (Lane et al., 1909),
renamed the Bass Island Formation in Ontario. Soon after an A-0 Carbonate subunit of
the Michigan Basin was named by Gill (1977a). Geology of the Salina Group has been
determined from wells and mines, there is no type section in Ontario and poorly exposed
sections are located in the Saugeen River Valley in Grey County (Liberty and Bolton,
1971) and on the Niagara Peninsula near the town of Welland (Armstrong and Carter,
2010).
In Michigan, 8 formational units A-1 to G are recognized in the Salina Group
(Lilienthal, 1978; Sonnenfeld and Al-Aasm, 1991). Ontario follows a similar
nomenclature scheme, where Armstrong and Carter (2010) recognize 9 units in the Salina
Group: A-0 through to G. The Salina Group is absent from the Bruce Peninsula area of
southern Ontario and the southeastern area of Lake Huron, but the group thickens to the
north and west (Sanford, 1969).
In the Appalachian Basin, New York and adjacent jurisdictions, the Bertie Formation
is included in the Salina Group (Rickard, 1975). There the Salina Group is composed of
only four formations: the Vernon, Syracuse, Camillus, and Bertie formations (Rickard,
1975).
In the Michigan Basin, the Salina Group is dominated by cyclic evaporitic packages:
grading upwards from carbonates to anhydrites (locally replaced by gypsum), to halite
and capped with a shale-dominated interval (Armstrong and Carter, 2006; 2010). These
cycles gradually become more shale dominated in the uppermost Salina Group and
towards the Appalachian Basin in the southeast (Fig. 1.1). The thickness and lithology of
units A-0 to G are summarized in Figure 2.7.
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Figure 2.7: Summary of the lithology and relative thickness of Salina units: A-0 to G
(compiled from: Sonnenfeld and Al-Aasm, 1991; and Armstrong and Carter, 2010).
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Formation

Thickness
(meters)

Lithology

A-0
Carbonate
A-1
Evaporite

0-2 m

A-1
Carbonate

30-39 m

Dark brown to black, microlaminated limestone or dolomite with
localized brecciation. Gradationally overlying the Guelph Formation.
Anhydrite with minor dolomite and salts. Towards basin centre
anhydrite changes to halite and sylvite; in reef belts only anhydrite
present.
Tan-grey to black, microlaminated to massive limestone; to light
brown sucrosic stromatolitic dolomite.
Variably bituminous with thin local anhydrite beds. Lowermost beds
laminated similar to underlying A-0 Carbonate.
2 lithologic units:
(1)A-2 Anhydrite: light blue, nodular, very fine grained anhydrite with
sparse anhydritic, very finely crystalline dolomite.
(2) A-2 Salt: white, thickly bedded, coarse halite.
*East of northwestern Middlesex, western Huron, and the
southwestern Bruce County the unit is all A-2 anhydrite or absent.
Grey-brown, laminated to thinly bedded dolomite with minor
intervals of micro-sucrosic dolomite, argillaceous dolomite and
anhydrite nodules. Locally brecciated intervals.
A-2 Shale: Basal beds of the A-2 Carbonate have a thin, dark greygreen shale marker.
*thins over reefs
3 lithologic units:
(1) B anhydrite;
(2) B Salt: coarse crystalline halite (thickest halite unit in Ontario) or
‘B equivalent’ –salt removed due to dissolution, similar lithology to
overlying Upper B Unit ;
(3) Upper B Unit: dolomite, anhydritic to argillaceous dolomite and
anhydritic shale.
Basal beds are shaly anhydrite or dolomite grading upwards to green
grey shale with anhydrite nodules. Rounded frosted quartz grains in
the upper shale beds are common (Sanford, 1969). Shales may be
locally red.
2 thick salt beds separated by a thin (<1 m) dolomite or shaly
dolomite bed.
Laminated to massive tan dolomite with interbedded dark to light
grey-green laminated shales and anhydrite beds and nodules
6 subunits divided by halite beds in basin centre (Lilienthal). Strata
include halite, anhydrite, shales, and tan laminated dolomite with
evaporite mineral moulds.

(bottom to
top)

A-2
Evaporite

0-9 m

6-15 m
(over reef)
15 m
(salt absent)

0-6 m
(salt present)
A-2
Carbonate

B Unit

45-47 m

92 m
(salt present)

15-20 m
(salt absent)
C Unit

23-30 m
(consistent
range)

D Unit

16 m
(maximum)
25 m
(average)
110 m
(salt present)

E Unit
F Unit

30 m
(salt absent)
G Unit

12 m
(average)

At basin margins, salt beds pinch out and strata become dominantly
dark green shales and shaly dolomite with pink and blue anhydrite
nodules.
Tan argillaceous dolomite or grey dolomitic shale above anhydrite
interval
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Chapter 3: Facies Descriptions and Distribution of the
Guelph Formation and Salina A-Unit in the Michigan and
northwestern Appalachian basins of Ontario and Michigan
3.1 Introduction
The Guelph Formation, which forms the uppermost carbonate rock unit of the Lockport
Group (Brunton, 2009; Brunton and Brintnell, 2011), displays mappable facies and
predictable architectural themes on a regional basis. In Ontario, the outcrop belt of the
Guelph Formation extends along the southern portion of the Niagara Escarpment (eastern
erosional edge of cuesta); and the strata dip gently into the subsurface in a southwesterly
direction towards the Michigan Basin (refer to Fig. 1.1). As outlined in the introductory
chapters of the thesis, there is much confusion in the literature regarding the facies that
make up the Guelph Formation and what has been incorrectly correlated as Brown
Niagaran, Grey Niagaran and White Niagaran rock units of the Lockport Group
throughout the subsurface of the Michigan Basin and northwestern portion of the
Appalachian Basin (see Fig 1.5). Therefore, Guelph Formation facies will be described
below in context of their cyclic and stratigraphic relationships with underlying reef
mound and lagoonal carbonate cycles of the Eramosa, Goat Island, and Gasport
grainstone-wackestone transgressive-regressive (T-R) cycles (see discussion in Chapter
4).
Regional surface and subsurface mapping of the Guelph Formation during the
course of this study has demonstrated that the initial informal members allocated to the
Guelph Formation within the type section area in the City of Guelph are present on a
regional basis (Brunton, 2009). These two members include, from base to top: 1) a lower
carbonate reef mound-bearing and more open-marine grainstone to wackestonedominated facies (Wellington Member; Brunton, 2009); and 2) an upper mid-shelf, open
marine lagoonal facies that changes through time to more restricted marine microbialbearing sabkha facies cycles that display varying degrees of exposure and cave textures or
karstification (Hanlon Member; Brunton, 2009). However, there is considerable variation
in the facies character, thicknesses and presence/absence of these two members
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regionally, and this has resulted in much of the confusion over what constitutes the
Guelph Formation throughout the subsurface and outcrop belt.
In order to map the spatial distribution and facies variation of these units, 56 cores
and corresponding wireline logs from the Michigan Basin and neighbouring northwestern
portion of the Appalachian Basin were examined in the course of this study, including
descriptions of facies, mega- and selected micro-fossil compositions, and sedimentary
structures, accompanied by sketches and photographic illustrations of key outcrops and
cores. Eight major facies have been identified, based upon examination of outcrops and
cores, as well as petrographic study of polished surfaces and thin sections. SEM analysis
of mineral chemistry was completed for six samples to provide additional information
from key facies.
To differentiate facies of the Guelph Formation, the following characteristics are
used:
1) carbonate rock type (Dunham, 1962): grainstone, packstone, wackestone,
mudstone, boundstone, or various degrees of crystallinity;
2) presence and proportion of fossils or skeletal constituents;
3) fossil types and their environmental significance – most common: laminar and
domical stromatoporoids; Favosites and rugose corals; megalodontid bivalves;
and low- and high-spired gastropods. Less common: bryozoans; brachiopods;
crinoids; ostracods; Halysites corals and trilobites.
4) fabric-selective porosity (Choquette and Pray, 1970): intercrystalline porosity
(pin-hole porosity); and/or patches of fenestral porosity (consisting of layered flat
lens to worm-shaped pores); and/or less common intervals of moldic porosity.
5) non-fabric-selective porosity (Choquette and Pray, 1970): vugs, caverns, and/or
brecciation;
6) bioturbation highlighted by a mottled and/or clotted texture. The mottled fabric
consists of blue lens-shaped spots, one to three centimeters in size. When these
blue lenses are amalgamated they form globular mottles giving a more clotted
texture.
7) nature of stylolites and stylo-seams: peaked, wispy, or stylo-breccias;
8) brecciation texture;
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9) presence of microbial lamination and textures.
Based upon these criteria, eight facies are recognized within the Guelph
Formation:
Lower Guelph Member (Wellington Member):
Facies 1: Stromatoporoid-algal-skeletal packstone to wackestone
Facies 2: Coral-stromatoporoid-skeletal floatstone
Facies 3: Skeletal-algal wackestone to mudstone
Upper Guelph Member (Hanlon Member):
Facies 4: Gastropod-bryozoan-algal wackestone to mudstone
Facies 5: Gastropod-megalodont-algal wackestone to mudstone
Facies 6: Pisolitic-gastropod wackestone to mudstone
Facies 7: Microbial-laminated mudstone
Facies 8: Brecciated microbial laminites and/or mudstones

3.2 Division of Areas for distinction of facies from the Guelph Formation
The stratigraphic position and thickness of facies within the Guelph Formation vary
locally and regionally. However, a common theme occurs throughout the study area: the
Lower Guelph Member always comprises skeletal-rich carbonate facies with a higher
diversity and more abundant megafaunal composition of stromatoporoids, tabulate and
rugose corals, bryozoans and brachiopods; the Upper Guelph Member is largely a
gastropod-bearing, carbonate mud-dominated wackestone to mudstone facies with
common microbial laminations where the formation is well preserved and has not been
completely removed prior to Salina Group deposition.
To discuss facies variability, the study area is divided into three geographic
sectors by a distinctive facies motif, referred to herein as: Area 1, Area 2, and Area 3
(Fig. 3.1). This approach overlaps with portions of the classic studies of the Silurian of
southwestern Ontario by Sanford (1969) whereby he proposed variable paleogeographic
settings for the Guelph Formation in the Michigan Basin of southwestern Ontario. Results
from this study will show that this differentiation is not so straight forward and that the
designated areas tell a different story.
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Figure 3.1: Geographic designations of study region, location of core data and lines of cross section. The three geographic sectors, Area 1,
Area 2, and Area 3, are divided by a distinctive facies motif. This division of the study area reflects, in part, the paleogeographic character
within the Appalachian and Michigan basins of Laurentia. Spaces between areas were not investigated in detail due to lack of data. See Table
45
1.1 for detailed well-location; and cross sections in Appendix A.

Although similar facies distributions occur in each area; the facies can also be locally
variable. Area 1 covers much of Michigan and parts of Ontario, the latter including
Lambton County and the northwestern portion of the following counties: Kent,
Middlesex, Huron, Perth and Bruce (Fig. 3.1). This area corresponds paleogeographically
with the pinnacle reef belt and basin centre of Sanford (1969) and subsequent studies
(Gill’s papers – 1973 to 80s). Area 2 is situated in the outcrop-subcrop belt and most
easterly portion of southwestern Ontario; containing cores and outcrops in parts of
Waterloo, Wentworth, Lincoln, Wellington, Dufferin, Grey and Bruce counties;
classically named the barrier reef complex (Sanford, 1969). Area 3 is predominantly in
Lake Erie and comprises deeper subsurface cores that extend onto land in the
southeastern part of Kent and Elgin counties. Traditionally, cores in Lake Erie are
referred to by workers in the oil/gas resources industry as ‘offshore’ cores and those
drilled on the land are referred to as ‘onshore’ cores. Portions of Area 3 have been called
the patch reef complex (Sanford, 1969; Bailey, 2000) and the basin region (Pounder,
1962; Burgess and Benson, 1969). For the descriptions below, the names and locations of
cores are listed in Table 1.1 and illustrated in Figures 1.6 and 3.1.
There are major patterns of facies distributions in both the Upper and Lower Guelph
members: evaporites, microbial laminites, diagenetic alterations, and karstic dissolution
and/or weathering structures are more common in Area 1; and rare to absent in Area 2;
and sparse in Area 3. Weathering and vadose diagenesis structures include solutionwidened joints, collapsed breccias, salt-filled karst cavities, dolomitic crusts with
laminated cements, salt hoppers, flat-pebble conglomerates, tepee structures, caliche
fabrics, reddish thin paleosols (probable cave fill silts and cave pearls), leached moldic
porosity and fenestral laminite fabrics (stromatactoid-like textures). The Guelph
Formation is darker brown in colour in Area 1, which contrasts with the light brown-tangrey colours in Area 2 and Area 3.
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3.3 Key cores
Good quality cores representing the complete stratigraphic interval and/or detailed facies
relationships of Guelph Formation are illustrated in Figures 3.2 to 3.6 (see also Table 1.1
and Fig. 1.6 for core details and locations). The following cores were examined in detail
for this study:
(i)

The Union Rosedale 1 (T003000A), illustrated in figure 3.2, is a key core used
in many core workshops at the OGSR Library (Cater et al., 1994), and has
been studied in detail in two unpublished MSc theses (Grimes, 1987;
Charbonneau, 1990). In terms of resource geology, this core is located in the
Rosedale Pool at the crest of the ‘Rosedale Pinnacle Reef’, on the
northwestern side. The core is presently stored at the OGSR Library in
London, Ontario (Core No.578). The deepest cored lithology is the Rochester
Formation and the core includes strata up to the A-2 Shale of the Salina
Group. Re-logging of this key Guelph pinnacle reef core demonstrates that
approximately 51.4 m of the 165.5m-long core comprises the Guelph
Formation. In previous studies of this core, the Niagara Falls Member of the
lower Goat Island Formation was treated as the base of the Guelph Formation
(crinoidal reef mound facies of Goat Island Formation) and therefore 91.13 m
of the Guelph Formation was recognized (Charbonneau, 1990; Carter et al.
1994). This core highlights the many challenges in identifying Guelph facies
versus underlying stacked reef mound and crinoidal-bearing facies of the
Gasport and Goat Island formations (see also discussion of Amabel Formation
and formations that make up this poorly defined stratigraphic unit in Brunton
2009; Brunton and Brintnell, 2011).

(ii)

The Beier et al.-1 (P#25749) is a key core from the Belle River Mills gas field
in southern Michigan (Fig. 3.3). The core has been examined by several
graduate students at Western Michigan University, and most notably by Dan
Gill (1973; see subsequent publications Gill, 1977a, 1979, 1985; Briggs and
Briggs, 1974; Huh et al., 1977; Briggs et al., 1980) from the University of
Michigan. The borehole is located in Macomb County, Michigan, near Lake
St. Clair, directly across from the southwestern tip of Lambton County in
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Ontario. The cored portion of this gas well extends down to the Niagara Falls
Member of the Goat Island Formation and includes rock units upward to the
A-2 Anhydrite of the Salina Group. It has a total thickness of 114 m, with
19.20 m assigned to the Guelph Formation. In some early work (e.g. Gill,
1973), the Beier at al.-1 core was interpreted to be located at the reef-crest and
contained 111.86 m of the Guelph Formation. As in the case of the Union
Rosedale 1 core, Gill (1973) added the Niagara Falls Member into the basal
Guelph Formation and additionally the A-1 laminites into the Guelph
Formation. Despite this interpretation of the stratigraphic nomenclature,
recognized in subsurface studies in the Michigan and Appalachian basins, Gill
recognized distinct stratigraphic breaks and lithologic changes across these
formational units (Fig. 3.7). The core is currently stored at the Michigan
Geological Repository for Research and Education (MGRRE).
(iii)

The OGS-82-3 core (T006078), shown in figure 3.4, is a borehole located
‘onshore’ from Lake Erie. This core spans an interval from the Precambrian
basement to the Devonian Marcellus Shale. The interval of interest, extending
from the disconformity at top of the Rochester Formation disconformity of the
underlying Clinton Group to the A-2 Anhydrite of the Salina Group,
comprises 87.0 m of the Lockport Group. This includes 10.30 m of Guelph
Formation. For the stratigraphic interval studied, the facies throughout the
region of Lake Erie to ‘onshore’ localities surrounding the lake are laterally
extensive, and this core provides the best detailed section. The core is located
at the OGSR Library in London, Ontario (Core No. 861).

(iv)

DDH-5-09 core, illustrated in figure 3.5, is located in the subcrop belt of
southern Ontario, near Elora. Spanning a continuous 145.10 meter thick
interval from the top of the Irondequoit Formation (Clinton Group strata) to
the Upper Guelph Member, the core comprises 90 m of Guelph Formation.
The optical televiewer log used in the detailed section is an exact
representation of the rock lithology at this locality. Optical televiewer logs use
visible light optics to record a continuous image of the inside of the borehole.
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The core is stored at the Ontario Geological Survey core repository in
Sudbury, Ontario.
(v)

DDH-6-09 core was drilled directly to northeast of DDH-5-09. This core
comprises the thickest known succession of the Guelph Formation (96.31m) in
the Michigan Basin (Fig. 3.6; the significance of this observation will be
discussed in more detail in Chapter 4). The core extends to the top of the
Cabot Head Fm and therefore includes strata from the top of the Irondequoit
Formation (top of Clinton Group) to the Upper Guelph Member, with a total
thickness of 128.62 m. The optical televiewer log used in the detailed section
is an exact representation of the rock lithology at this locality. The core is
stored at the Ontario Geological Survey’s core repository in Sudbury, Ontario.

3.4 Relative thickness of the Guelph Formation
Cross-sections are attached in Appendix A, figures A2-A8 and section lines are shown in
Figure 3.1. Throughout the study area, the Guelph Formation ranges in thickness from
5.03 m (Corden et al.-2) to 122.52 m (DDH-5-09). In the eastern portion of the Michigan
Basin, the Guelph Formation ranges in thickness from approximately 7 m to 122 m. The
Guelph Formation and corresponding facies succession thins northward up the Bruce
Peninsula (Fig. A2, A-A’); and thinning of the uppermost Guelph strata and the absence
of the Salina occurs as the erosional edge of these units is crossed.
In the Appalachian Basin, variation in thickness of the Guelph Formation is gradual
and uniform. The Guelph Formation thins to 8 m towards the west following the
Algonquin Arch (Fig. A3, B-B’); and thickens southward, away from the Algonquin Arch
from 9 m to 34 m (Fig. A4, C-C’; Fig. A6, E-E’).
In the present-day western portion of the Michigan Basin, thickening and thinning
relationships are abrupt (Fig. A5, D-D’; Fig. A7, F-F’; Fig. A8, G-G’). It is common to
have approximately 50 m of karsted Guelph strata in one bore hole and less than 6 m of
karsted Guelph strata in adjacent boreholes (5 km apart); both displaying a similar
skeletal to mud-dominated carbonate facies trend (e.g. TecDow-7 and TecDow-4,
respectively). In the ‘pinnacle reef belt’ (Sanford, 1969), previous studies lump the basal
units of the Lockport Group into the ‘Guelph pinnacle’ and have reported thicknesses of
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up to 91 m (Carter et al., 1994); 84 m (Bailey, 2000); and 111.90 m (Gill, 1977a). This
study suggests that the Guelph Formation is thinner reported at the same localities above,
as the crinoidal base described in these Guelph ‘pinnacle reefs’ is in fact the Niagara Falls
Member of the Goat Island Formation. This study found that the Guelph Formation in the
3-D carbonate highs consistently ranged in thickness from 30 to 60 m with the exception
of one core in northwestern Lambton County, Ontario. There the Guelph Formation is
95.1 m and drops off to 15.2 m in a neighbouring well (Payne-4 and Payne-8,
respectively). In the outcrop-subcrop belt, between Luther Lakes (DDH6-09) and Mount
Forest area (OGS-SW003), the Guelph Formation changes in thickness by more than 120
m over a distance of approximately 40 km – DDH6-09 displays very little
paleokarstification whereas the thinly preserved Guelph facies in OGS-SW003 are
brecciated and capped by Salina carbonate laminites. The topographic relief of the 3-D
carbonate highs comprising Gasport through Guelph formations, ranges from 56.1 m
(Payne-4) to 147.77 m (Therrin); and in areas between topographic highs the Lockport
Group strata ranges in thickness from 17.98 (St. Homestead-1-33) to 38.73 m (Imp Seck6).
Proponents of the deep basin model during Guelph ‘pinnacle reef’ growth reference
the isopachs of Burgess and Benson (1969) and Mesolella et al. (1974), which show the
Niagara Group (Lockport) and A-1 Carbonate thinning toward the ‘basin centre’. The
above interpretation is based upon a single core in Midland County, Michigan where
there is 17.1 m of the A-1 Carbonate and an unreported amount of Niagara strata; and a
few cores north of Midland county where the Niagara Group is reported to be 30.5 m
thick (Mesolella et al., 1974). A thickness of 15.3 m for the A-1 Carbonate is reported
from the ‘northern barrier pinnacle reef belt’ by the same authors; a locality where the A1 Carbonate should be thicker when following the classic isopachs. The above thickness
of the Niagara Group, 30.5 m, includes the entire Lockport Group and similar thicknesses
of the Lockport Group are found in the ‘pinnacle reef belt’ of southwestern Ontario and
southeastern Michigan. More cores from central Michigan are needed to better constrain
the thickness of the Lockport and basal Salina groups using the stratigraphic framework
of the present study.
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In northwestern Ohio, based on the lithostratigraphy of Gill (1973), Kahle (1974)
reports 31.7 m of non-reefal, brecciated and karsted Guelph Formation exposed at the
Maumee Quarry; this thickness includes the Niagara Falls Member of the Goat Island
Formation which is classified as Guelph strata.
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Figure 3.2: Lithologic log for the Union Rosedale-1 core. Log shows Silurian
stratigraphic nomenclature at formation and member level, and includes facies, physical
and diagenetic features, and fossils. Core is from Area 1 of southwestern Ontario (Fig.
3.1). Photographs highlight key exposure surfaces, diagenetic features, and/or key fabrics.
Fm= Formation; Mbr=Member; Rchst=Rochester. Scale bar is equal to 5 cm (see legend
in Appendix A, Fig. A1).
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Figure 3.3: Lithologic log for the Beier et al.-1 core. Log shows Silurian stratigraphic
nomenclature at formation and member level, and includes facies, physical and diagenetic
features, and fossils. Core is from Area 1 of southeastern Michigan (Fig. 3.1).
Photographs highlight key exposure surfaces, diagenetic features, and/or key fabrics. Fm=
Formation, Mbr=Member; LGM=Lower Guelph Member. Scale bar is equal to 5 cm (see
Appendix A for legend, Fig. A.1).
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Figure 3.4: Lithologic log for the OGS 82-3 core. Log shows Silurian stratigraphic
nomenclature at formation and member level, and includes facies, physical and diagenetic
features, and fossils. Core is from Area 3, onshore from Lake Erie (Fig. 3.1). Photographs
highlight key exposure surfaces, diagenetic features, and/or key fabrics. Fm= Formation,
Mbr=Member. Scale bar is equal to 5 cm (see Appendix A for legend, Fig. A1).
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Figure 3.5: Lithologic log for the DDH-5-09 core. Log shows Silurian stratigraphic
nomenclature at formation and member level, and includes facies, physical and diagenetic
features, and fossils. Core is from Area 2, subcrop/outcrop belt of Niagara Escarpment
(Fig. 3.1). Televiewer log is an exact representation of the rock lithology at each interval.
Photographs highlight key features and/or fabrics. Fm= Formation, Mbr=Member;
Era=Eramosa; SR=Stone Road. Scale bar is equal to 5 cm (see Appendix A for legend,
Fig. A1).
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Figure 3.6: Lithologic log for the DDH-6-09 core. Log shows Silurian stratigraphic
nomenclature at formation and member level, and includes facies, physical and diagenetic
features, and fossils. Core is from Area 2, subcrop/outcrop belt of Niagara Escarpment
(Fig. 3.1). Televiewer log is an exact representation of the rock lithology at each interval.
Photographs highlight key features and/or key fabrics. Fm= Formation, Mbr=Member; Gt
Isld=Goat Island. Scale bar is equal to 5 cm (see Appendix A for legend, Fig. A1).
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3.5 Facies descriptions of the Guelph Formation
Sedimentary facies of the Guelph Formation are defined and described below on the basis
of lithologic characteristics, macrofossil content and diagenetic features. Such an
approach enables the integration of paleoecologic and taphonomic information with
lithologic observations that, in turn, allows for a more expanded interpretive framework
for paleoenvironmental interpretation than otherwise possible from schemes based solely
on primary sedimentary characteristics (e.g. lithofacies schemes that have tended to
largely disregard fossil content).
Some facies within the Guelph Formation exhibit diagenetic features that,
although post-depositional in origin, indirectly contribute to the variety of information
available for facies interpretation. For example, the once aragonitic shells of macroinvertebrates known from certain facies (e.g., gastropods and megalodont bivalves),
although completely dissolved from their host carbonates, are immediately identifiable as
distinctly shaped molds and vugs; these in turn, exhibit taphonomic characteristics that
reflect mode of life as well as conditions of burial. Also, some facies tend to host
distinctive diagenetic features (e.g. certain forms of porosity and some types of
stylolites/styloseams) that suggest some influence of primary sedimentary characteristics
on the later development of diagenetic motif. Although not the primary focus of this
study, and regardless of their relative to facies interpretations of the Guelph Formation,
key diagenetic attributes are included in the facies descriptions below for the sake of
completeness.
Of perhaps greater importance in the integration of post-depositional and
depositional attributes is the opportunity to consider the possible influence of surface
processes (e.g. weathering and erosion) on the facies characteristics of earlier-deposited
carbonate strata in the subsurface. Post-depositional features that may be particularly
informative in this respect include (i) karst, crack fills, brecciation and collapse structures
recording multiple short-lived or prolonged episodes of subaerial exposure and associated
differential dissolution of subsurface carbonates (Gill, 1973; Charbonneau, 1990); (ii)
variations in primary and secondary porosity and permeability characteristics manifesting
syn- and post-depositional karst dissolution; and (iii) infill cements and sediments
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observed in vugs that record phases of large-scale diagenetic fluid flow events and/or
karst development (Gill, 1973).

3.5.1 Facies differentiation in Lower Guelph Member
The Lower Guelph Member is regionally extensive and is consistently richer in skeletal
content and has greater megafaunal diversity than facies of the Upper Guelph over the
entire study region. The Lower Guelph Member comprises three facies: StromatoporoidAlgal-Skeletal Packstone to Wackestone (Facies 1); Coral-Stromatoporoid-Skeletal
Floatstone (Facies 2); and Skeletal-Algal Wackestone to Mudstone (Facies 3). Facies 1 is
the most regionally persistent, commonly marking the base of the Guelph Formation in
Area 2; it is less well defined in the Michigan portion of Area 1 and the majority of Area
3, in part due to a lack of cores of the Guelph Formation to identify its presence and
character (see below). The development of Facies 2 and Facies 3 varies locally. All three
facies are present in Area 2, where the Guelph Formation is thickest: 122.52 m at DDH-509 (Fig.3.5). In Area 1 and Area 3, where the Guelph Formation is thin and/or completely
absent (i.e., 4 m thick in TecDow-4), Facies 1 and/or a Facies 3 are the predominant
facies.

3.5.1.1: Facies 1: Stromatoporoid-Algal-Skeletal Packstone to Wackestone
Typically, the basal units within Facies 1 consist of packstones that pass upward into
wackestones. Facies 1 is characterized overall as a light to medium grey or brown,
massive, finely- to medium-crystalline, bioturbated, skeletal wackestone with a pelletal
mud matrix and common peaked and wispy stylolites. The facies is dominated by a
laminar and low domical stromatoporoid fauna (Figs. 3.7; 3.8; Kershaw and Brunton,
1998). Small tabulate and rugose corals and branching bryozoans are common as well. In
some cores, few stromatoporoids are present; this can be observed in the Guelph Dolime
Quarry where the basal Stromatoporoid-Algal-Skeletal Facies has stromatoporoids
dispersed throughout the unit. Depending on drill location, the core may or may not
capture stromatoporoids if they are laterally discontinuous and/or widely

66

Figure 3.7: Facies 1 of areas 1 and 2. Stromatoporoid-Algal-Skeletal Packstone to
Wackestone Facies. Scale bar is 5 cm.
1: Area 1. Light to medium brown-grey, massive, finely- to medium-crystalline,
bioturbated skeletal wackestone. Few peaked stylolites with low relief and common
brown wispy stylolites. Platy, thin, laminar stromatoporoids (S) with little to no internal
structure preserved. Low intercrystalline porosity. (TecDow-7).

2: Area 2. Medium to dark grey, finely-crystalline grainstone with abundant white
stromatoporoids and favositids. Stromatoporoids consist of both laminar (L) and low
domical types (D). Small golf-ball size Favosites (F). Scattered shell debris and
fragmented bryozoans at base. Good intercrystalline and moldic porosity. (DDH-4-09).
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Figure 3.8: Facies 1 of Area 2. Stromatoporoid-Algal-Skeletal Packstone to Wackestone
Facies.
1: Area 2. Photomicrograph in plane polarized light of Facies 1 matrix (DDH-5-09). The
pelletal mudstone to wackestone has a larger crinoid pluricolumnal in the matrix (C) and
oil staining along stylolites. Late secondary gypsum laths are present (G). Good
intercrystalline porosity. Yellow scale bar is 5 mm.
2: Area 2. Scanning Electron Microscope image of site of interest for Facies 1 of DDH-509. Scale bar shown is 800 µm.
3: Energy dispersive X-Ray (EDX) analysis of the photomicrograph from above.
Elemental composition is consistent with dolomite. Little to no secondary peaks suggests
the dolomitic carbonate is very clean. Rare small peaks of potassium may occur.
4: Area 3. Facies 1 from its only locality found throughout Area 3, DDH-7-09. The
lowermost portion is a stromatoporoid-algal-skeletal packstone. The stromatoporoids are
laminar and bulbous and are overturned and surrounded by a dark blue-grey, finely
crystalline, muddy matrix. Internal laminations are not visible. Scale bar is 5 cm.
5: Area 3. Stromatoporoid-Algal-Skeletal Packstone Facies (shown in 3.8.4) grades upsection to a stromatoporoid-algal-skeletal wackestone; DDH-7-09. Well-preserved
floating stromatoporoid and a broken laminar stromatoporoid with portions filled by clear
gypsum. Good intercrystalline porosity. Scale bar is 5 cm.
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spaced. In places where the distinctive mega-faunal elements are missing or not observed
in cores, the matrix characteristics of the facies and the nature of lithological change from
the underlying Formation (i.e., Eramosa, Goat Island and/or Gasport formations,
depending upon the underlying nature of crinoidal-reef mound development in the
Gasport and Goat Island formations; see Brunton, 2009; Brunton and Brintnell, 2011),
can be used to help in the recognition of Facies 1.

Area 1
Description:
In terms of its stromatoporoid content, Facies 1 in this area is dominated by low-relief,
laminar forms that appear as lighter (white- to light grey-coloured) undulatory streaks
against the darker background colour (light to medium brown) of the matrix. The internal
skeletal features of the stromatoporoids are typically indistinct, presumably reflecting the
overprinting effects of diagenesis (Fig 3.7-1). Accompanying the stromatoporoids, in
lesser amounts, are fragmented branching bryozoans and small tabulate corals (e.g. golf
ball-sized Favosites) and solitary rugose corals. Although stromatoporoids and corals can
be found in situ, the megafaunal elements are generally overturned and fragmented.
Crinoid pluricolumnals (ossicles or stem fragments) and broken shells are sparsely
distributed throughout the mud- to silt-size matrix. Skeletal allochems are concentrated in
intervals of up to 0.5 m thick, alternating with near-barren intervals of carbonate
mudstone to wackestone matrix. Laminar stromatoporoids range from 0.5-4 cm in height
(lateral profile); whereas individual skeletons of rare bulbous stromatoporoids may reach
a height of 12 cm. Higher-profiled stromatoporoids tend to have better-developed or
better-preserved internal laminations. Favosites and rugosans are typically smaller and
less than 4 cm in diameter. Fragments of bryozoans range in size from less than 1-5 cm;
and broken shells and crinoid pluricolumnals are less than 1 cm.
The porosity of the muddy matrix (now recrystallized due to dolomitization and
diagenetic processes) is generally intercrystalline in character with patches of moldic
porosity. Vugs are common, and can be plugged by halite and/or anhydrite; or filled in by
isopachous calcite, scalenohedral calcite, and/or saddle dolomite; or unfilled.
Charbonneau (1990) showed multiple-generation, marine cement vug infill in the
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‘Warwick Reef’ (Imp-619) with up to six cement growth zones. There is no pattern
observed for salt plugging and infill of vugs throughout the Guelph Formation, this has
been used to explain why separate reservoirs form in the Guelph strata (Charbonneau,
1990; Smith, 1900b).
One of the characteristics of the facies distribution in Area 1 is that at specific
localities the Guelph Formation lithology can be either limestone with dolostone patches
or completely dolostone. In Michigan, the ‘Lockport Group’ lithology in all cores is
dolostone, and others also report a ‘reef lithology’ of dolostone (Gill, 1977a; Wold,
2008). In Area 1 of Ontario, dolomitization is variable. The cores from pools of Rosedale,
Waubuno, Payne Reef (Payne-4), Moore 3-21-XII (TecDow-7), Terminus, and Warwick
(Imp-619) are dominantly limestone with dolostone patches (Table 1.1). In other cores
adjacent to those listed above, however, the Guelph Formation can be thin and consists of
dolostone (e.g. TecDow-4, Imp Seck-6, Corden et al., Corden et al-2).

Distribution and Contacts:
Facies 1 is laterally continuous throughout Ontario, but absent from the Michigan portion
of Area 1, where Facies 3 overlies the Niagara Falls Member of the Goat Island
Formation. In Area 1, the Lower Guelph Member always overlies the Goat Island
Formation, regardless of its various facies. Depending on the thickness of the Gasport
Formation within Area 1, the Lower Guelph Member may overlie either the Ancaster or
Niagara Falls members of the Goat Island Formation. In the following localities the
Lower Guelph Member is underlain by the Niagara Falls Member: Ontario: Rosedale-1,
Payne-4, TecDow-7; Michigan: Beier et al.-1, Therrin, Ray Reef, St. Homstead -1-33. In
the cores for Ontario, the Gasport Formation is thin (9.7-14 m) and comprises wellcomminuted, non-reefal crinoidal wackestones. The thin Gasport Formation is overlain by
a thin, clotted-stylolitic Ancaster Member (2-14 m), and a thickened crinoidal-bryozoanbrachiopod packstone facies of the Niagara Falls Member (24-46 m) of the Goat Island
Formation. In Michigan, coring ends in the Goat Island Formation, and thus data
regarding the thickness of either the Goat Island or Gasport formations and the presence
of key Clinton Group strata are not available.
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The contact between the Niagara Falls Member and Facies 1 of the Lower Guelph
Member is abrupt and may be marked by a dissolved horizon (Rosedale-1) or an
anhydrite filled salt conduit (Payne-4). In Michigan, where Facies 1 is absent, the contact
between the Niagara Falls Member is marked by a karstic surface with steep relief
(Therrin-2, Ray Reef). Additionally, the faunal richness of the Niagara Falls Member and
the size of the skeletal components progressively decrease up-section.
Where the Gasport Formation is thicker (15-34 m), the Guelph Formation is
underlain by the clotted-stylolitic Ancaster Member, as is shown in the following cores
from Ontario: Corden et al., Corden et al.-2, Union Imp-25, Payne-8, Imp Seck-6, and
TecDow-4 (see Table 1.1). At these localities, the Gasport is more fossiliferous and more
faunal-rich, including larger crinoids, bryozoans, stromatoporoids, brachiopods, and
shelly debris (brachiopod and bivalve fragments). The contact between the Ancaster
Member and Facies 1 is subtle, marked by a lithologic change from nodular clottedstylolitic Ancaster Member of Goat Island Formation to a unit possessing a coarser
crystalline and matrix texture and platy stromatoporoids that compare most closely to that
of Facies 1 of the Guelph Formation from type section areas in City of Guelph. However,
the Eramosa Formation is absent at the above localities and is present at the type sections
in the City of Guelph (Area 2), implying a hiatus throughout Area 1 (see Chapter 4 for
discussion).
In Area 1, it is also important to note that:
(i) The Niagara Falls Member has a stromatactis-like fabric--where fossil debris has been
removed and replaced by marine cements; and becomes less fossiliferous and more
karstic westward into Michigan. In Michigan, the brecciated algal-stromatolitic
boundstone intervals, less than 1 m thick, occur between brecciated crinoidal-brachiopod
reef mounding cycles, with sharp subaerial erosion surfaces, crack fills, and collapse
breccias.
(ii) The Ancaster Member is darker grey in colour, nodular bedded, clotted and stylolitic
– this differs from descriptions in other recent studies (Armstrong and Carter, 2010).
Locally, this member can be stylo-brecciated, and possesses anhydrite-filled vugs
(Rosedale-1), and/or display a dark grey to black, microbial-laminites (TecDow-4,
TecDow-7). The Ancaster Member in northwestern Michigan, where the Guelph is
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absent, is extremely cherty at the base (similar to chert beds in Ontario) and grades
upward to a dark grey dolomudstone with caliche horizons, exposure surfaces, carbonate
crusts, burrows, and crinkly microbial laminae (e.g., Miller WSCC).

Area 2
Description:
The type section for the Guelph Formation is situated in Area 2 (see Section 3.7).
Throughout Area 2, the megafauna are the largest in size and most abundant of all three
areas, comprising stromatoporoids, common fragmented bryozoans and sparse corals:
Favosites, Halysites, and colonial rugosans (Fig. 3.7-2). Stromatoporoids consist of both
laminar and domical types, ranging in size from 5–15 cm in diameter for domical shapes;
and 5–20 cm in length for laminar forms. The small Favosites are golf-ball-sized and
other corals are smaller. Small microbial-stromatoporoid mounds are common at the base
of this unit, ranging in size from 1-6 m. Shell debris is scattered throughout and rare
conical gastropod shells are locally present.
Facies 1 has good intercrystalline porosity and patches of moldic porosity (Fig.
3.8-3). SEM analysis of mineral chemistry from Facies 1 reveals an extremely clean
carbonate with minor peaks of potassium (Figs. 3.8-2; 3.8-3). Vugs are common, and can
be filled by fibrous marine cements, or scalenohedral calcite, or saddle dolomite; some
vugs are unfilled.
The thickest package of the Guelph Formation is in Area 2, from DDH-6-09 to
DDH-5-09, ranging from 96.3-122.52 m, respectively (A-A’). Here, Facies 1 recurs as
packages separated by the Algal Skeletal Wackestone to Mudstone Facies (Facies 3).

Distribution and Contacts:
The Guelph Formation thickens and thins throughout Area 2 and overall Facies 1 and the
entire Lower Guelph Member thin northward. When the Guelph Formation is thin (7.2–
16 m; DDH-1-09 to DDH-2-09), the Niagara Falls Member of the Goat Island Foramtion
is invariably reefal and thicker, approximately 10 m or greater. When the Guelph
Formation is thickest (33–96.3 m), the Niagara Falls Member is non-reefal and thin, less
than 5 m. Similarly, the same trend applies to the Gasport Formation underlying the
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Niagara Falls Member: when the Gasport is thick, the Guelph is thin; and when the
Gasport is thin the Guelph is thick.
With the above in mind, the Guelph Formation may overly either the Eramosa
Formation or the Goat Island Formation throughout Area 2. Most commonly, the
Stromatoporoid-Algal-Skeletal Packstone to Wackestone Facies sharply overlies the light
tan, finely crystalline, thin (1-2 m) dolomudstone of the Stone Road Member (Eramosa
Formation). At the Type Section, the light tan unit of the Stone Road Member is easily
recognizable as it separates the underlying dark brown to black, bituminous, argillaceous
dolostones of the Reformatory Quarry Member (Eramosa Formation) from the light to
medium grey Stromatoporoid-Algal-Skeletal Packstone to Wackestone Facies (see Fig.
3.26).
In the majority of cores logged, the Stone Road Member separates Facies 1 from
the underlying Ancaster Member of the Goat Island Formation. The contact is also easily
recognizable, as the tan dolomudstones of the Stone Road Member clearly marks the top
of the medium grey, clotted, stylolitic Ancaster Member; and the base of the light to
medium grey, stromatoporoid-rich unit of Facies 1.
Locally in Grey County (e.g., at DDH-1-09), the Stone Road Member is absent
and Facies 1 overlies the thinly laminated, bituminous Vinemount Member (Vinemount
Shale Beds; see Section 2.1.3). The contact is marked by a sharp lithological change from
the thin laminated shale beds to the medium grey, stromatoporoid dominated wackestone
(Facies 1). In other localized areas, such as the Guelph rail-way section (Fig. 3.28), Facies
1 is absent and the base of the Guelph Formation is defined by the lithologic change from
the brown, bituminous, whitfieldella-rich, laminar-bedded dolostone of the Reformatory
Quarry Member (Eramosa Formation) to the light grey, fossiliferous, thickly bedded
Algal-Skeletal Wackestone to Mudstone Facies (Facies 3) of the Guelph Formation
(discussed below).

Area 3
Description:
Facies 1 is missing in most parts of Area 3, where typically Facies 2 overlies the Goat
Island Formation. Only at one locality, in the northeastern portion of Area 3, is the
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Stromatoporoid-Algal-Skeletal Packstone to Wackestone Facies present. Core DDH-7-09
has a 33 m thick succession of Facies 1 encompassing the only facies present in the
Lower Guelph Member, grading from stromatoporoid-algal-skeletal packstone up-section
to a stromatoporoid-algal-skeletal wackestone (Figs. 3.8-4; 3.8-5). The stromatoporoids
are laminar to bulbous, 5-10 cm in height, overturned, with portions dissolved and filled
by clear gypsum and surrounded by a dark grey, finely crystalline, muddy matrix with
wispy green shale styloseams. This core is situated on or very close to the current position
of the Algonquin Arch (Fig.1.4; Milici and de Witt, 1988; Lavoie, 2008; Ettensohn,
2008). This abundance of stromatoporoids here, throughout the entire Guelph Formation,
is an anomaly for the entire study area.
There is no core data for the Lower Guelph Member from the furthest southwest
portion of Area 3, in Lake Erie, due to coring ending in the Upper Guelph Member (Fig.
A6, E-E’). The abundance of the lower diversity stromatoporoid fauna and distribution of
Facies 1, 2, and 3 in the Lower Guelph Member are thus unknown. The low and uniform
gamma ray signature reveals the same signature for the skeletal-rich Lower Guelph
Member, but facies cannot be differentiated. There is no drilling west of Point Pelee in
Lake Erie due to the risk of oil being found rather than gas and the requirement to avoid a
potential oil spill. The few test wells that were drilled west of Point Pelee in the 1950s
and 1960s have poor geophysical logs and cuttings. Here the Guelph, Goat Island, and
Gasport formations are lumped together in the well records and called the GuelphLockport Formation.

Distribution and Contacts:
In core DDH-7-09, the contact with the underlying clotted-stylolitic Ancaster Member is
chosen at a concentration of wispy stylolites before the appearance of the first
stromatoporoid. Although the contact is not as sharp throughout Area 3, it is distinct in
Area 1 and 2 and is not conformable. The matrix at the base of Facies 1 is the typical dark
grey mud and stromatoporoids gradually become more abundant upwards.

3.5.1.2 Facies 2: Coral-Stromatoporoid-Skeletal Floatstone
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This facies is recognized in all three areas of study, characterized by the overturned corals
and stromatoporoids in a thick- to massive-bedded, light to medium tan to brown, finely
crystalline, bioturbated, pelletal mudstone matrix. Coral and stromatoporoids are
dispersed and commonly overturned with lesser amounts of in situ skeletal material.
Favositid and rugose corals are the most dominant elements, with less common laminar
and domical stromatoporoids. Shell debris (brachiopods and bivalves) and bryozoans
occur, but are uncommon. The skeletal faunas can be concentrated in intervals separated
by mud-rich units. Gastropod and megalodont shells are found in the uppermost portion
of this facies when Facies 3 is absent.

Area 1
Description:
In Area 1, the Coral-Stromatoporoid-Skeletal Floatstone Facies has the lowest abundance
of faunal components in comparison to the other two areas. Here, the matrix-supported
fauna are small and stunted tabulate and rugose corals and thin laminar stromatoporoids
(Fig. 3.9), with minor amounts of brachiopods, branching bryozoans, and rare crinoidal
debris. Tabulate corals, dominantly Favosites, are 2-5 cm in diameter (Fig. 3.9-4); and
rugosans are commonly smaller, 1-3 cm in diameter (Fig. 3.9-3). Small, thin sheets of
stromatoporoids (1–4 cm in height) appear as white streaks with little to no internal
lamination visible. Skeletal components are randomly mixed, overturned and abraded in
this matrix-supported facies. Locally bryozoans can be densely packed in intervals (Ram5).
Facies 2 has good intercrystalline porosity and hydrocarbon staining throughout.
Localized patches of small vugs, 1–5 cm in diameter, and moldic porosity are common.
Peaked stylolites with low relief, less than 0.5 cm are common throughout. In the
uppermost strata of Facies 2, cracks (3-6 cm thick) with isopachous cement fill and
brecciated intervals are common. The breccias are composed of angular, poorly sorted
clasts ranging in size from 1-5 cm. The clasts are the Coral-Stromatoporoid-Skeletal
Floatstone Facies and the matrix is the same pelletal mudstone with micrite layers.
Horizontal carbonate crusts with laminated, tan to light brown, isopachous cements, 1-3
cm thick are common.
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Figure 3.9: Facies 2 of areas 1 and 2. Coral-Stromatoporoid-Skeletal Floatstone Facies.
Scale bar is 5 cm.
1: Area1. Photograph showing the typical lithology of Facies 4 in Area 1. Finely
crystalline skeletal wackestone to mudstone with a floating Favosites (F), rugose corals
(R) and bryozoans (by); separated by a mud-rich interval with white shell debris.
(TecDow-7).
2: Area 2. Finely crystalline skeletal wackestone with fragmented fauna concentrated at
the base; and above: floating Favosities (F), stromatoporoids (S), and fragmented
bryozoans (by). (OGS-CORB).
3: Area 1. Finely crystalline skeletal wackestone with floating rugose corals (R) and part
of a Favosites (F). Rugose corals are fragments of mature corallites, Pycnostylus
guelphensis. (Tec Dow-7).
4: Area 1. Finely crystalline skeletal wackestone with floating Favosites. (TecDow-7).
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Like the underlying Stromatoporoid-Algal-Skeletal Packstone to Wackestone
Facies, the Coral-Stromatoporoid-Skeletal Floatstone Facies shows variable
dolomitization. Facies 2 is limestone in the cores showing the thickest package of Guelph
(TecDow-7; Ram-5) and dolostone in the cores containing the thinnest package of Guelph
(Payne-8). It is important to note that corals in Facies 2 within a limestone lithology are
no more well-preserved than corals in cores with a dolostone lithology at hand-sample
scale.

Distribution and Contacts:
Similar to Facies 1, Facies 2 is absent from the Michigan portion of Area 1. In Ontario,
Facies 2 was only observed in drillcores from three localities: TecDow-7, Payne-8, and
Ram-5. In these cores, Facies 2 is seen to overlie Facies 1 with a sharp contact; and
together, these two facies comprise the entire Lower Guelph Member (Facies 3 is absent
at above localities). The contact between Facies 1 and 2, although invariably sharp, is
defined by a karst surface with steep relief and the change from dolostone to limestone
upsection (Ram-5). Alternatively, the contact may be marked by a peaked stylolite with a
distinct lithologic change upward to a muddier, less stromatoporoid-rich facies (Payne-8;
Tec Dow-7).

Area 2
Description:
The Coral-Stromatoporoid-Skeletal Floatstone Facies is best represented at the Type
Section in Area 2 (see Section 3.7; Fig. 3.26). Floating corals and stromatoporoids are the
largest and most abundant in Area 2. Overturned tabulate corals, dominantly Favosites,
are 5-10 cm in diameter; and solitary rugosans are commonly smaller, 1-3 cm in diameter.
Small, thin laminar stromatoporoids, 3-10 cm high, appear as grey streaks with little
internal lamination visible in smallest forms (Fig. 3.9-2). Branching bryozoans and minor
crinoid debris occur throughout.
The finely crystalline, pelletal mudstone matrix displays good intercrystalline
porosity with localized patches of moldic porosity. Despite the Guelph lithology being
dolostone, the skeletal components are as well preserved as Area 1, where Facies 2 is
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dominantly limestone.

Distribution and Contacts:
Similar to Area 1, Facies 2 occurs locally in Area 2, observed so far at the Type Section
and one borehole locality: OGS-CORB. Armstrong et al. (2002) reported the presence of
this lithology at the tip of Tobermory in the ‘Church Bioherm Outcrop’, north of borehole
OGS-89-3. In OGS-CORB, Facies 2 has a gradational contact with the underlying
Skeletal-Algal Wackestone to Mudstone Facies. There is no sharp lithology change, the
matrix consists of the similar light to medium brown, finely crystalline, pelletal mud, but
small corals and thin stromatoporoids appear and become common, floating in the matrix
of Facies 2.

Area 3
Description:
In Area 3, Facies 2 is a medium grey to brownish grey, bioturbated wackestone to
dolomudstone with less common stylolites and localized blue-eye mottles (see discussion
below). Corals, stromatoporoids and brachiopod fragments occur sparsely, but are
concentrated in intervals when present (Fig. 3.10). Favosites and solitary rugose corals
are scattered, similar to the stromatoporoids observed at the Type Section in the Guelph
Dolime Quarry (see Section 3.7).
Although Facies 2 is dominantly a moldic porous ash-grey unit, there are often
random intervals of less porous brown-grey dolomudstone barren of fossils, ranging in
thickness from 10-40 cm (Fig. 3.10-3). The moldic porosity fabric is typically ‘wormlike’, having irregular lens-shaped pores millimeter- to centimeter- sized pores. Locally,
the pores may have various fills, such as tan dolomite, halite or gypsum, with some pores
being unfilled. Stylolites can be peaked or wispy with a low relief of 1-2 cm and are
typically black or lined with dark green shale. The localized ‘blue-eye mottles’ are dark
blue, lens-shaped spots, 1-2 cm in size, and occur in the intervals of ash-grey
dolomudstone to wackestone (Fig. 3.10-2). These spots are blue as a result of
dolomitization outlining bioturbation and/or burrowing; and highlights a difference
between matrix sediment and burrow fill.
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Figure 3.10: Facies 2 of Area 3. Coral-Stromatoporoid-Skeletal Floatstone Facies. Scale
bar is 5 cm.
1: Area 3. Overturned tabular stromatoporoid (S) and Favosites corals (F) in a finely
crystalline dolomudstone matrix. Diagenetic history masks fauna preservation. Porous
patches are often associated with or due to presence of weathered corals. (Kent-409-M).
2: Area 3. Finely crystalline dolomudstone with a floating stromatoporoid and bryozoan.
Low intercrystalline porosity with patches of wormy (moldic) porosity. Irregular ‘blueeye’ mottles give rock a lightly mottled fabric. (Kent-409-M).
3: Area 3. Finely crystalline, pelletal dolomudstone with thin laminar stromatoporoids
(S), rugose corals (R) and shell debris. Karstic dissolution (leaching) creates a sugary
texture and highlighting intercrystalline porosity. (OGS-82-2).
4: Area 1. Facies 2 with void spaces filled by brown marine cements (M). Thin, white
laminar stromatoporoids (S), floating Favosites corals (F) and skeletal debris at the base.
(Ram-5).
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Distribution and Contacts:
Although the basal stromatoporoid-rich beds of Facies 1 that normally mark the base of
the Guelph Formation are absent, the contact of Facies 2 with the underlying Goat Island
Formation is generally sharp. There is a distinct lithologic change from the wispy clottedstylolitic wackestone of the Ancaster Member or the blue-grey microbial-crinoidal
bioherms of the Niagara Falls Member, to the grey-brown, porous, mottled dolostone of
Facies 2, Lower Guelph Member.
In Area 3, Facies 2 thins southward into the Appalachian Basin (Fig. 1.4; Milici
and de Witt, 1988; Lavoie, 2008; Ettensohn, 2008), and is thickest to the west (Fig. A6,
E-E’). The proportion of skeletal fragments decreases into the Appalachian Basin and
increases toward the east as the facies becomes thicker.

3.5.1.3 Facies 3: Skeletal-Algal Wackestone to Mudstone
In general, Facies 3 comprises light to medium brownish grey, finely crystalline,
bioturbated mudstone to wackestone with well-comminuted skeletal debris and an
indistinct, clotted fabric with ubiquitous black, low-relief stylolites. Moldic porosity is
well developed and commonly associated with local zones of brecciation within this
facies. Of particular significance to this facies are the bluish-grey mottles (‘blue eye
mottles’) that impart the distinctive clotted appearance of this facies and the general lack
of intact macrofossils. Facies 3 is well-developed Area 1 and Area 2, but is absent from
Area 3 where Facies 4 directly overlies Facies 2 (see 3.5.2.1 below).

Area 1
Description:
Consistent with the general description of Facies 3 above, Facies 3 is a medium brown to
grey, massive, finely crystalline, and bioturbated pelletal mudstone with black, peaked
stylolites, local brecciation and well-comminuted shelly debris. Although rare, small
Favosites and laminar stromatoporoids have been noticed in drillcores penetrating this
facies. The blue-eye mottles are not common in Area 1, but occur locally and are of a
distorted lens shape, less than 1 cm in diameter.
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In Area 1, Facies 3 has low intercrystalline porosity throughout, but the
development of significant moldic porosity is apparent in leached horizons associated
with brecciated zones. Like Facies 1, the moldic porosity observed in Facies 3 shows
evidence of occlusion by isopachous cements and/or evaporites (Union Rosedale-1; see
Fig. 3.2). Portions of the brecciated zones are completely dissolved and re-precipitated,
thus having obliterated all evidence of any primary depositional fabric that existed prior
to dissolution (Fig. 3.11-2). The strong influence of diagenetic fluid flow on this facies in
Area 1 is further indicated by pervasive hydrocarbon staining (Fig. 3.11).
In the Michigan portion of Area 1, Facies 3 shows significant brecciation; infilling
the moldic pores within these zones is tan-colored dolomudstone creating a stromatactoid
fabric (Fig. 3.3). Here, the skeletal-algal unit is the basal facies to the Guelph Formation
and brecciation is more severe and penetrative, extending into the underlying Niagara
Falls Member. As discussed above (Section 3.5.1.1), towards northern Michigan, the
Niagara Falls Member becomes less fossiliferous and crinoids are much smaller and less
abundant.
The lithologic character of Facies 3 varies regionally. In the Ontario portion of
Area 1 (e.g., Rosedale-1 and Payne-4 cores), Facies 3 is limestone whereas slightly
northeastward of these localities (e.g., Imp-619), Facies 3 is dolostone. In Michigan the
Guelph Formation is a dolostone.

Distribution and Contacts:
In Ontario, a reciprocal stratigraphic relationship appears to exist between Facies 2 and 3.
More specifically, where Facies 2 is present, Facies 3 is absent; conversely, where Facies
2 is absent, Facies 3 is present (and directly overlies Facies 1). The transition from Facies
1 to Facies 3 typically occurs over 0.5 m. This lithologic change is identified when
stromatoporoids disappear, skeletal fragments decrease in abundance and the matrix
becomes muddier leaving only shelly debris in the mottled pelletal mudstone of Facies 3.
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Figure 3.11: Facies 3 of areas 1 and 2. Skeletal-Algal Wackestone to Mudstone Facies.
Scale bar is 5 cm.
1: Area 1. Typical lithology of Facies 3 at localities where Guelph Formation is thin
(generally less than 8 m). In such settings, Facies 3 has been completely brecciated
suggesting post-depositional karst weathering. The dark brown matrix of the breccias is
locally recrystallized (rc), making it distinct from the surrounding porous, skeletal
wackestone to mudstone sediments. (TecDow-4)
2: Area 1. Variation of brecciation texture above. Dark brown areas are completely
recrystallized (rc); and have no primary depositional fabrics. (TecDow-4).
3: Area 1. Facies 3 displaying the saturated hydrocarbon staining (Union Imp-25).
4: Area1. Slightly coarser crystalline, brecciated Facies 3. Leaching highlights
intercrystalline porosity. (Union Imp-25).
5: Area 2. Skeletal-algal wackestone to mudstone. Shelly debris is dispersed throughout
the clean, pelletal dolomudstone. (DDH-4-09).
6: Area 2. Locally occurring vugs of Facies 3. Vugs are 1-5 cm in diameter and are not
filled by cements or evaporites. (OGS-CORB).
7: Area 1. Brecciated skeletal-algal wackestone to mudstone with good intercrystalline
and moldic porosity. (TecDow-4).
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At localities where the total thickness of the Guelph Formation is less than 10 m,
the Lower Guelph Member consists only of Facies 3 and directly overlies the Ancaster
Member (Tec Dow-4, Imp Seck-6, Corden et al., Corden et al - 2, Union Imp-25). Similar
to the contact between Facies 1 and the Ancaster Member, this contact is recognized by a
distinct lithologic change from the clotted and stylolitic Ancaster Member to the medium
brown-grey, mottled, dolomudstones and dolowackestones of Facies 3. In Michigan,
Facies 3 overlies the Niagara Falls Member. This contact is sharp and marked by a karstic
surface with steep relief into the brecciated Niagara Falls Member.

Area 2
Description:
In Area 2, Facies 3 is a light to medium tan-colored, pelletal wackestone to mudstone
with well-comminuted shell debris dispersed throughout (Figs. 3.11-5; 3.11-6). Wispy,
black stylolites with low-relief (1-3 cm high peaks) are commonly pyrite stained. Facies 3
is thoroughly bioturbated and contains a great abundance of distorted blue-eye mottles
than seen in Area 1 (see above). The comminuted shell debris in Facies 3 of Area 2
appears as white flakes that tend to be evenly dispersed throughout the matrix, but are
occasionally concentrated in clumps.
Overall, Facies 3 in Area 2 is characterized by low intercrystalline porosity with
local patches of moldic (wormy) porosity. Larger vugs with diameters of 1-5 cm occur
locally; unlike the moldic pores within this facies in Area 1, those within Area 2 are not
filled by cements or evaporites (Fig. 3.11-6).
As in the cases of Facies 1 and 2, SEM analyses of samples from Facies 3 indicate
a high-purity dolomite composition with a minimum of non-carbonate impurities. It is
much more common to find a localized stromatoporoid or coral in drillcores of Area 2
than in Area 1. Also, Facies 3 has been observed to contain scattered crinoid ossicles
and/or parts of gastropod shells (uppermost beds) - faunal elements that are extremely
rare to absent in the same facies of Area1.
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Distribution and Contacts:
In contrast to the nature of its occurrence in Area 1, Facies 3 tends to occur at localities in
Area 2 where Facies 2 is also present (OGS-CORB) and where Facies 1 forms the basal
unit of the Guelph succession. Exceptions to this pattern have been observed in few
drillcores (OGS-89-3, DDH-2-09, DDH-4-09), in which Facies 3 occurs in spite of the
absence of Facies 2.
Unique to Area 2, Facies 3 recurs at localities with thickened Guelph Formation
separating the mounding cycles of Facies 1 (DDH-5-09; Fig. 3.5; see Section 3.5.1.1). At
these localities, contacts between Facies 1 and 3 cycles are sharp and mark T-R cycles.

3.5.2 Facies differentiation in Upper Guelph Member
The Upper Guelph Member is regionally extensive and lower in skeletal content overall
than the Lower Guelph Member. The Upper Guelph Member comprises five muddominated facies, numbered 4 through 8, consisting of: a Gastropod-Bryozoan-Algal
Wackestone to Mudstone (Facies 4); a Gastropod-Megalodont-Algal Wackestone to
Mudstone (Facies 5); a Pisolitic-Gastropod Wackestone to Mudstone (Facies 6); a
Microbial-laminated Mudstone (Facies 7); and Brecciated Microbial Laminites and/or
Mudstones (Facies 8).
Facies 4 and Facies 5 are the most fossiliferous of the Upper Guelph Member, and
where present, immediately overlie the Lower Guelph Member. Facies 4 occurs locally in
all areas’ (1 through 3), whereas Facies 5 is only present in Area 2. Facies 6 is locally
present in Area 1, but more laterally extensive in Area 2 and has been observed to grade
upward into Facies 7. Facies 8 only occurs in Area 1 and Area 3 with some variability in
its lithologic character between these areas, but is absent in Area 2.

3.5.2.1 Facies 4: Gastropod-Bryozoan-Algal Wackestone to Mudstone
This facies is the most fossiliferous and faunally diverse facies of the Lower Guelph
Member. Facies 4 can range in color from a medium to dark greyish brown to a light tan
or grey; and is a massive, finely crystalline, bioturbated and leached wackestone with
alternating pelletal mudstone intervals and dispersed fragmented skeletal elements.
Gastropod shells are most abundant, followed (in order of decreasing abundance) by:
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calcareous algae, bryozoans, brachiopods (often fragmented), thin laminar
stromatoporoids, Favosites corals, small rugose corals and ostracods. High-spired
gastropods are dominant with fewer numbers of low-spired shells. The algae in the
uppermost Guelph strata have been identified in previous studies as Girvanella and
Sphaerocodium (Mesolella et al., 1974; Pearson, 1980).

Area 1
Description:
Throughout Area 1, Facies 4 is medium to dark greyish brown with good intercrystalline
porosity overall, with the wackestone intervals also tending to exhibit patches of moldic
porosity created by small gastropods and/or brachiopods (Figs. 3.12; 3.13). Bryozoans are
always fragmented and pieces are scattered throughout the mud matrix. The laminar
stromatoporoids are 1-5 cm thick and appear as white- to grey-colored streaks.
Brachiopods are commonly fragmented and unidentifiable at the species level; in rare
instances, thick-walled shells of pentamerids such as Pentamerus and/or Conchidium
occur in an intact state (Bolton, 1979). Rare overturned small rugosans and Favosites
corals are 5 cm or less in diameter, and tan to grey in color (Fig. 3.13-3).
This facies is typically pervasively brecciated, and in Area 1, dolomitization and
other overprinting diagenetic effects have rendered the task of identifying thin-walled
skeletal remains of certain species. Brecciation in Facies 4 is more severe than noticed in
Facies 2 and 3. The breccias are composed of angular, poorly sorted clasts, with a size
range of 1-5 cm. Both clasts and/or matrix are recrystallized, rendering any details of the
primary depositional fabric (Fig. 3.13-2). In contrast to the pelletal, medium brown
brecciated wackestone portions, the recrystallized portions are always a darker chocolate
brown in color and lack visible crystals. Additionally, variable karstic dissolution
(leaching) enhances the porosity throughout the facies. Brown to black wispy styloseams
and rare peaked stylolites are common throughout. Similar to Facies 3, this facies also
locally preserves a stromatactoid fabric.
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Figure 3.12: Facies 4 from Michigan portion of Area 1: Gastropod-Bryozoan-Algal
Wackestone to Mudstone Facies. Scale bar is 5 cm.
1: Thoroughly bioturbated and brecciated gastropod-bryozoan-algal dolomudstone. This
facies shows lower intercrystalline porosity than is typical for Facies 4; gastropod casts
(g) and shell fragments create moldic porosity throughout facies. Brown hydrocarbon
staining highlights some of the brecciated zones. The blue-grey matrix is largely reprecipitated removing primary depositional fabrics. (Therrin).
2: Slightly higher in stratigraphy: bioturbated algal pelletal wackestone. Gastropod (g)
and brachiopod (br) casts create characteristic moldic porosity. Minor bryozoan (by) and
small Favosities (F) occur. Sparse pisolites (p) occur throughout the pelletal mudstone.
(Therrin).
3: Bryozoan-algal wackestone interval of Facies 4 with a large hydrocarbon stained vug,
bryozoan fragments (by), gastropod molds (g) with minor stromatactoid fabric (st).
(Therrin).
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Figure 3.13: Facies 4 from Ontario portion of Area 1. Gastropod-Bryozoan-Algal
Wackestone to Mudstone Facies. Scale bar is 5 cm.
1: Bioturbated algal pelletal mudstone with high-spired gastropod casts (g), bryozoan
fragments (by) and white shell debris. Good intercrystalline porosity; uppermost portion
is brecciated. (Rosedale-1).
2: Brecciated and bioturbated algal pelletal wackestone with a rare pentamerid
brachiopod (br) and recrystallized portions (rc). Hydrocarbon staining has produced the
brown colour of facies. (Rosedale-1).
3: Typical lithology for a dissolved Facies 4 with no hydrocarbon staining. Completely
bioturbated and leached algal mudstone with rare peaked stylolites (st), slight clotting and
small rugosans (ru). Leaching highlights intercrystalline porosity. (Payne-4).
4: This stratigraphic interval possesses gastropod shells, algae, and lesser amounts of
bryozoan fragments in a cemented pelletal mudstone. Very well-cemented at the base,
decreasing upwards as leaching increases highlighting secondary porosity development.
The abundance of gastropod shells in Area 1 illustrated here is not typical for Area 1.
(Payne-4).
5: Gastropod-bryozoan-algal wackestone facies with low intercrystalline and moldic
porosity, gastropod molds (g), and bryozoan fragments (by).(Payne-4).
6: Typical lithology for Facies 4 in Area 1, Gastropod-bryozoan-algal wackestone to
mudstone. Molds of gastropods and dispersed bryozoan fragments. Thoroughly
bioturbated with patches of the blue clotted fabric. Good moldic and intercrystalline
porosity enhanced by moderate karstic dissolution. (Payne-4).
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Facies 4 is represented as a limestone at localities with a thicker Guelph
succession, greater than 50 m (TecDow-7, Rosedale-1, Imp-619, Ram-5, Payne-4), but
occurs as dolostone at localities where the Guelph is notably thinner, less than 10 m (Imp
Seck-6, Corden et al., Corden et al.-2, TecDow-4). The above localities with the thickest
Guelph are only brecciated in the uppermost portion of Facies 4, but hardgrounds and
laminated carbonate crusts are common throughout. The above localities with the thinnest
Guelph have a thoroughly brecciated Facies 4. Furthermore, at the above localities with
the thinnest Guelph, Facies 4 is the last of the Guelph Formation and is overlain by the
basal thrombolitic algal laminites of the A-0 Carbonate or A-1 Carbonate. Here, pores are
not plugged by evaporites or cements; and the stromatactoid fabric is absent.
In Michigan, as brecciation begins in Facies 2 and/or deeper (as discussed in
Section 3.5.1.1), the more faunal-bearing facies (Facies 4 and Facies 5) are absent from
the majority of the area. Only at one locality, Therrin, Facies 4 is present (Fig. 3.12).
Here, the facies is 10 m thick and a brownish-grey, massive, gastropod-bearing
dolomudstone with sparse bryozoans, small brachiopods, rare laminar stromatoporoids
and solitary corals. The uppermost portion is brecciated with an uppermost karst surface
of steep relief and overlain by a brecciated Facies 6.

Distribution and Contacts:
In Area 1, Facies 4 comprises the bulk of the Upper Guelph Member. Facies 4 ranges in
thickness from 4.2 m (Payne-8) to 17.9 m (Ram-5). This facies overlies either Facies 2 or
3 of the Lower Guelph Member. The contact can be marked by a consentration of wispy
styloseams separating a lithologic change. The underlying skeletal wackestone to
dolomudstone with floating corals, stromatoporoids and/or shelly debris (Facies 2 or
Facies 3), gradually loses its faunal diversity and becomes mud-dominant, develops a
moldic porosity fabric with laminated carbonate crusts and/or brecciation (Facies 4).
Facies 4 commonly grades upwards to a pustular microbial-laminated
dolomudstone (Facies 7), which ends with the Brecciated Microbial Laminites of Facies 8
(Rosedale-1, Therrin). However, Facies 7 can be absent and Facies 8 can cap the
brecciated Facies 4 (TecDow-7, Imp-619, Ram-5, Payne-4, Payne-8). Only at one Ontario
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locality, Union Imp-25, where there is only 6.4 m of Guelph Formation, Facies 4 is
absent.

Area 2
Description:
Facies 4 appears quite different from Area 1, as it is not brecciated in Area 2 (see above).
Here, the gastropod-bryozoan-algal wackestone to mudstone is light tan to grey,
bioturbated, pelletal dolomudstone (Fig. 3.14). The same fauna occur, still altered by
dolomitization and diagenetic effects, but are better preserved. Bryozoans tend to be
fragmented and concentrated in blue-grey layers with algae or a microbial fabric (Fig.
3.14-1).
Both high-spired and low-spired gastropods occur throughout Area 2; and
continue into Facies 5 and Facies 6. Despite the Guelph Formation being an extremely
clean and light colored carbonate throughout this area, it difficult to identify the exact
species; and often just a portion or the side of the shell is showing (Fig. 3.14-6). Williams
(1919) identifies the following species from the outcrop/subcrop belt (Area 2), exposing
the Upper Guelph Member. High-spired gastropods, include: Coelocaulus longispira
(Hall), Hormotoma ef whiteavesi (Clarke and Ruedemann), Coelocaulus vitellia
(Billings), Murchisonia blingsana (Miller); low-spired gastropods: Liospira perlata
(Hall), Holopea guelphensis (Billings), Euomphalus gatlensis (Whiteaves), Tremanotus
angustatus (Hall); and common rugosans: Pycnostylus guelphensis (Whiteavs),
Pycnostylus elegans (Whiteavs).
Facies 4 has good intercrystalline porosity with common vugs and molds, ranging
from 0.5-2 cm in size; and represent dissolution of gastropods and megalodont shells.
Irregular dark blue-eye mottles are scattered throughout creating a sporadic mottled
fabric. Peaked and wispy pyrite-stained styloseams with low relief, 1-5 cm, are common.

Distribution and Contacts:
Facies 4 occurs locally within the thicker packages of Guelph Formation (DDH-5-09,
OGS-CORB); and overlies Facies 1 or Facies 3. At DDH-5-09, a 13 m thick succession
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Figure 3.14: Facies 4 of Area 2. Gastropod-Bryozoan-Algal Wackestone to
Dolomudstone Facies. Scale bar is 5 cm; B=bottom; T=top.
1: Blue-grey, bryozoan-algal rich bed (by), overlain by a tan-coloured and thoroughly
bioturbated, pelletal dolomudstone. (DDH-4-09).
2: Clean, bioturbated, pelletal dolomudstone with good intercrystalline porosity and a
horizontal hardground (HG) surface. (DDH-5-09).
3: Shell-rich interval. Same pelletal dolomudstone matrix with abundant gastropod shell
debris. (DDH-5-09).
4: Blue-grey, algal-rich intervals dispersed throughout the tan pelletal mudstone creating
a clotted appearance. (DDH-4-09).
5: Sharp, irregular hardground separating distinct lithologies with variable porosities
(HG). Bottom: bioturbated pelletal dolomudstone with good intercrystalline porosity.
Top: bioturbated, pelletal dolomudstone with low intercrystalline porosity and welldeveloped moldic porosity. (DDH-10A-09).
6: Vuggy, bioturbated, pelletal dolomudstone with poorly preserved gastropod shells (g).
(DDH-6-09).
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of Facies 4 occurs and only 2.5 m at OGS-CORB, where the entire Guelph Formation
thins. Both contacts with the underlying facies are not sharp, but there is a distinctive
lithology change within a 40 cm interval. At both above localities, the underlying skeletal
wackestone to dolomudstone, of either Facies 1 or Facies 3, gradually loses its faunal
diversity and abundance and the matrix lightens in color, becoming mud-dominant,
thoroughly bioturbated and mottled. Gastropods may occur in uppermost beds of the
underlying facies in this area. It is important to note: Facies 4 is absent from DDH-6-09,
where the Guelph Formation is also thickest, Facies 5 and Facies 6 are present here.

Area 3
Description:
Here, the Gastropod-Bryozoan-Algal Wackestone to Mudstone Facies is a light to
medium grey, bioturbated pelletal dolomudstone with thin, dark green shale seams and
karst conduits (Fig. 3.15). Well-comminuted shelly debris and gastropod molds are
concentrated in recurring intervals. Gastropods are less abundant than in areas 1 and 2;
and high-spired forms are most common. Locally, only boreholes closest to the
Algonquin Arch (Fig. 1.3), have an interval of floating bryozoans and solitary rugosans,
less than 3 cm in diameter; and thin laminar stromatoporoids.
Overall, this unit has low intercrystalline porosity throughout, but porosity does
increase up-section and is associated with brecciated zones. Common peaked stylolites
are black and often of high relief, 3-5 cm. The dark green shale seams are thin, ranging
from less than 1cm up to 5 cm. The irregular blue-eye mottles seen in Area 2 are less
intense here and scattered throughout; amalgamated mottles create a clotted fabric (Fig.
3.15-6).
Typically, brecciated zones occur in the uppermost 5 m and are often lined with
dark green shale (Fig. 3.15-7). Several karstic dissolution (leached) zones, occurring
above or below the brecciated zones, enhance the moldic porosity. Locally, this moldic
porosity may be plugged by halite or gypsum. Light tan to grey hardgrounds are common
and range in thickness from 1-5 cm (Fig. 3.15-5).

99

Figure 3.15: Facies 4 of Area 3. Gastropod-Bryozoan-Algal Dolomudstone Facies. Scale
bar is 5 cm; B=bottom; T=top; arrows point to hardground surfaces.
1: Peaked stylolite with the high relief, lined with green shale. Light, distorted, blue-eye
mottles at base (Mo). Good moldic porosity. (OGS-82-3).
2: Dark blue-grey areas create clotted texture in the rock. Typical peaked stylolites.
Moldic porosity is plugged by clear gypsum. (DDH-7-09).
3: Brecciated Facies 4. Good moldic porosity and clotted fabric with a conglomeration of
peaked, discontinuous stylolites. (OGS-82-2).
4: Clotted Facies 4 with an angled irregular hardground at the base. Good moldic
porosity, partially plugged by white gypsum. Green shale lined styloseam. (Elgin-56-E).
5: Facies 4 without green shale. Good moldic porosity, irregular blue-eye mottles, and a
horizontal hardground. (Kent-309-X).
6: Typical lithology. Brecciated (Bc) and mottled (Mo). Mottles coalesce to form a
clotted fabric. (Kent-409-E)
7: Laminated beds of green shale and a sub-vertical karst conduit (Co). Hardgrounds
occur with green shale breaks. (Fletcher).
8: Facies 4 in displaying local hydrocarbon staining. (Kent 409-M).

100

101

Distribution and Contacts:
Facies 4 is laterally extensive throughout Area 3 and overlies Facies 2. The underlying
Facies 2 gradually loses its faunal diversity and abundance; and becomes mud-dominant,
brecciated porous with gastropod and shell molds (Facies 4). Facies 4 ranges in thickness
from 3 m (DDH-7-09) up to 14.1 m (Kent-308-W2); and is thickest in the west portion of
Area 3.

3.5.2.2 Facies 5: Gastropod-Megalodont-Algal Wackestone to Mudstone
Similar to Facies 4, Facies 5 is a more faunal-bearing unit of the Upper Guelph Member.
Facies 5 is not regionally extensive and is absent from Area 1 and Area 3. In Area 2, it is
locally present and occurs at the Type Section (see Section 3.7).

Area 2
Description:
This facies is a light to medium tan, medium- to thick-bedded, finely crystalline,
bioturbated pelletal dolomudstone with good moldic porosity. Bedding of this facies
ranges from 0.5 to 2 m, beds are very massive, well compacted and hard. Facies 5 has the
same faunal diversity as Facies 4, but a lower faunal abundance and with the addition of
megalodont shells (Fig. 3.16). Megalodonts, gastropods and algae are the most abundant,
followed by: bryozoans, thin laminar stromatoporoids, rugosans, ostracods and rare
brachiopods. Molds of megalodonts are well-preserved and typically are Megalomus
canadensis (Hall, 1843). Both high-spired and low-spired gastropod shells occur and are
of the same species listed in Facies 4 (see Section 3.5.2.1). Dark blue-eye mottles are
scattered throughout the light to medium tan colored facies creating the same sporadic
mottled to clotted fabric seen in Facies 4. Black and brown pyrite stained styloseams are
common, increasing up-section with rare black peaked stylolites of low relief (less than 1
cm). Pisolite layers may occur in the uppermost beds, but are not as well developed as
Facies 6 (discussed below).
This facies has lower intercrystalline porosity than Facies 4, but with common
vugs and molds, ranging from 0.5 to 2 cm in size. Often pores coalesce to form large
voids, 2-10 cm in diameter. Recent karst , occur as rubble zones and ranges in thickness
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Figure 3.16: Facies 5 of Area 2. Gastropod-Megalodont-Algal Wackestone to Mudstone
Facies. Scale bar is 5 cm.
1: Massive, finely crystalline, pelletal dolomudstone with a megalodont shell (Meg) and
gastropod molds (g). (DDH-5-09).
2: Outcrop photograph showing large megalodont shells outlined in yellow. (Devil’s Glen
quarry – an abandoned quarry in Cambridge, Ontario).
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from 1-5 m (DDH-5-09; see Fig. 3.5). Rubble zones occur when water has taken
advantage of weak spots in the rock, serving as a recent aquifer. These rubble zones
continue upwards into Facies 6; and are composed of cobble sized pieces of rock debris
and brown unlithified soil and mud.

Distribution and Contacts:
Facies 5 thins northward and is absent from the northerly most borehole, OGS-89-3; and
the locality with the thinnest Guelph, DDH-1-09. The Gastropod-Megalodont-Algal
Wackestone to Mudstone Facies ranges in thickness from 2.5 m (DDH-2-09) to 24 m
(DDH-10A-09).
Facies 5 can overlie either Facies 3 or Facies 4. When Facies 5 overlies the Lower
Guelph Member (Facies 3), the same gradational contact seen in Facies 4 of Area 2
occurs (see above). When Facies 5 overlies Facies 4 (OGS-CORB; DDH-5-09), the
contact is more subtle as matrix character and fauna are similar between the two facies,
but the matrix becomes slightly muddier, intercrystalline porosity decreases and
megalodonts frequently appear.

3.5.2.3 Facies 6: Pisolitic-Gastropod Wackestone to Mudstone
Facies 6 occurs locally in Area 1, is laterally extensive across Area 2, and absent from
Area 3.This facies is a light tan to medium brown to grey, medium-bedded to massive,
finely crystalline, bioturbated pelletal and pisolitic mudstone to wackestone. Facies 6 is
similar to Facies 4, but has a lower concentration of fauna that includes: dominantly highspired gastropods and shelly debris; sparse low-spired gastropods and algae; and rare
brachiopods, solitary rugosans, and ostracods.

Area 1
Description:
Throughout Area 1, the Pisolitic-Gastropod Wackestone to Mudstone Facies is very
similar to Facies 4 as they both are light tan to medium brown, massive, bioturbated,
completely brecciated, and karstically dissolved (leached) pelletal mudstones to
wackestones (Fig. 3.17). Amalgamated blue-eye mottles occur giving the facies a mottled
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Figure 3.17: Facies 6 of Area 1. Pisolitic-Gastropod Wackestone to Mudstone Facies.
Scale bar is 5 cm.
1: Bioturbated pelletal wackestone with abundant pisolites is a typical lithofacies of
Facies 6. Brown styloseams (st) in uppermost portion. Algae (al) in centre and shell
debris at the base (sh). The rock is vuggy due to leaching – highlights intercrystalline
porosity. (Union Imp-25).
2: Brecciated microbial laminae interval within a pisolitic-pelletal dolomudstone matrix.
(Beier et al.-1).
3: Rare, ostracod-rich interval with pisolites (p) throughout and concentrated in the
uppermost portion. (Ray Reef).
4: Typical lithology for hydrocarbon-stained Facies 6. Slightly leached pisoliticgastropod dolomudstone. Pisolites throughout, sparse gastropods (g) and white shell
debris. (Ray Reef).
5: Brecciated and leached pisolitic-gastropod wackestone. Pisolites throughout pelletal
matrix. Moldic porosity plugged by gypsum. Ostracods and shell debris dispersed
throughout. (Imp-619).
6: Crack fill with laminated marine cements and scattered pisolites in pelletal
dolomudstone matrix. (Ray Reef).
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to clotted fabric beneath the brecciation and karstic effects (Fig. 3.17-1). Brecciated
microbial laminites are locally interbedded in the pisolitic mudstone (3.17-2). Laminated,
white to light brown hardgrounds and caliche surfaces, 1-5 cm thick, are common. Brown
to black wispy styloseams occur throughout. The brecciated texture is the same as seen in
the underlying facies, Facies 4 (see above sections 3.5.2.1).
Pisolites are interbedded in the massive, bioturbated, pelletal mudstone and occur
randomly in intervals, 5-10 cm thick, throughout the mud matrix in the breccias (Fig.
3.17). Pisolites also commonly occur below or above caliche surfaces and in crack-fills.
Cracks range from 1-30 cm and are filled with brecciated debris of Facies 6 in a darkbrown, finely crystalline dolomitic matrix with grey to brown, irregularly laminated
marine cements and pisolitic layers (Fig. 3.2; 3.17-6).
Facies 6 has low to moderate intercrystalline and moldic porosity, randomly
highlighted by karstic dissolution. The facies is locally vuggy and hydrocarbon staining is
common throughout. The upper most portion of this facies can be plugged by gypsum or
salt (Therrin, Beier et al.-1, Ray Reef).

Distribution and Contacts:
Facies 6 occurs locally in the southeastern portion of Michigan. Here, the facies ranges in
thickness from 12 m at Beier et al.-1; to 34 m at Therrin. The contact may be marked by a
karstic surface with steep relief (Ray Reef, Therrin), or by an irregular karstic dissolution
horizon (Beier et al.-1); and accompanied by a distinct lithology change from the
brecciated more skeletal Lower Guelph Member or Facies 4 to the massive, pisolitic and
crack-filled Facies 6.

Area 2
Description:
In Area 2, Facies 6 is a light tan to medium grey, medium-bedded, bioturbated pelletal
mudstone to wackestone with alternating intervals of gastropod-rich mudstone and
pisolitic layers (Fig. 3.18-1). Here, the facies comprises cycles that highlight bedding in
this well-compacted mudstone to wackestone; cycles range from 0.5-1 m. The pisolitic
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Figure 3.18: Facies 6 of Area 2. Pisolitic-Gastropod Wackestone to Mudstone Facies.
Scale bar is 5 cm in all core photographs. Yellow scale bar is 1 mm in all
photomicrographs.
1: Bioturbated, pelletal dolomudstone with gastropod molds; capped by an irregular, ironstained surface, followed by grey to green laminated carbonate cements. (DDH-6-09).
2: Photomicrograph showing three major cycles. At the base, peloids and pisolites are
truncated with a sharp irregular pyrite-stained contact. The overlying beds comprise
dispersed pisolites surrounded by pelletal mud; and a sharp, peaked pyrite-stained
stylolite marks the top of the cycle. The next bed up-section consists of isopachous
cements, followed by larger bladed crystals, growing into one another. (DDH-6-09).
3: Brecciated and bioturbated pelletal dolomudstone with gastropod molds; capped with
grey to green laminated carbonate crusts and porous iron-stained exposure surfaces. The
small scale pisolite and cement cycles seen in thin sections are not readily evident in core
samples Facies 6. (OGS-89-3).
4: Photomicrograph showing growth of isopachous cement and bladed cements (DDH-609).
5: Photomicrograph of lowermost cycle from the (2) above. Porous pisolitic zone with a
replaced aragonitic shell in the bottom right corner. (DDH-6-09).
6: Pisolites occur in crack fill and above horizontally laminated cement surface (P).
(DDH-10A-09).
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layers cap the gastropod-rich intervals, occurring intermittently as medium to dark grey
layers above a red iron-stained surface (Fig. 3.6; 3.17-1; DDH-6-09). Pisolites also occur
above and below contacts within the gastropod-rich intervals (DDH-5-09). Pisolitic beds
are 5-10 cm thick. The pisoliths are spherical to elongate in shape, range in size from less
than 1mm up to 5 mm, and comprise a grain supported fabric. The pisolitic beds are
capped by a layer of isopachous cements followed by bladed cements 5-10 cm thick (Fig.
3.18-4). Pisolitic layers are not convoluted and brecciated, like in Area 1.
In the gastropod-rich intervals, shelly debris and sparse high-spired and lowspired gastropod shells occur in the massive tan pelletal mud matrix; the same species
seen in underlying Facies 4 and 5. Rare ostracods and thrombolitic laminites can occur;
and ever rarer occurrences of rugosans or small Favosites.
Black peaked stylolites with low relief, 1-3 cm, are common. The facies has low
intercrystalline porosity with patches of moldic porosity in the wackestone intervals; vugs
are common ranging in size from 0.5 to 2 cm. Like Facies 5, recent karsting or rubble
zones occur (DDH-5-09, DDH-6-09) and range from 1-3 m in thickness. Unlike Area 1,
there Facies 6 is does not have karstic dissolution and brecciation fabrics.

Distribution and Contacts:
Facies 6 is extensive across Area 2 and can overlie the Lower Guelph Member (OGS-893, DDH-1-09, DDH-4-09) or Facies 5 (DDH-2-09, DDH-10A-09, DDH-6-09, DDH-509). This facies thins northward, from 44 m (DDH-6-09) to 7 m (DDH-2-09); and again
thickens to 23 m at the northerly most borehole, at the tip of the Bruce Peninsula (OGS89-3; Fig. 3.1).
There is a significant drop in faunal diversity and abundance from the underlying
Facies 5 or Lower Guelph Member, to Facies 6. However, like all contacts in the Upper
Guelph Member of Area 2 there is a transition zone between facies. In the transition to
Facies 6: the rock lightens in color to a light tan, the diversity and abundance of fauna
drastically declines, and cycles become evident--highlighted by colour changes (Fig.
3.18-1).
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3.5.2.4 Facies 7: Microbial-laminated Mudstone
This Microbial-laminated Mudstone Facies is the uppermost (youngest) in situ strata of
the Guelph Formation; occurring locally in Area 1 and is absent in Area 2 and 3.

Area 1
Description:
This facies is a medium to dark grey or brown, thinly laminated, variably bioturbated,
pelletal calcareous mudstone with very thin undulating microbial laminae (Fig. 3.19-1 to
3.19-5). The mudstone is barren of intact skeletal fossils, but in some places contains
dispersed white shell debris. Small cracks, a few centimeters long and wide, often disrupt
laminae. The microbial laminations commonly exhibit a planar to convoluted
stromatolitic fabric within the mudstone (Beier et al.-1; Fig. 3.3). Facies 7 has low
intercrystalline porosity, but locally shows evidence of karstic dissolution along and
between laminations, highlighting fenestral porosity.
At one locality in northern Michigan, St. Homestead -1-33, Facies 7 spans the
entire Guelph interval and is more evaporitic in character than elsewhere (Fig. 3.19-6 to
3.19-9). Here, the facies is a light greyish-brown, clotted, gypsiferous, pelletal
dolomudstone with thinly laminated pustular microbial caps. Gypsum laths are sparsely
distributed throughout and are dissolved in some intervals (Fig. 3.19-6). A stromatactoid
fabric is observed in isolated intervals of the leached gypsiferous dolomudstone.
Irregular, but sharply defined pustular microbial laminites cap the tops of depositional
cycles on a centimeter scale. Also observed are crack fills (5-10 cm) and thin caliche
horizons (Fig. 3.19-7 and 3.19-8).

Distribution and Contacts:
Strata of Facies 7 occur in random intervals in Area 1 with no obvious lateral trends
(Rosedale-1, Beier et al.-1, Ray Reef, St. Homestead-1-33). The facies forms units
ranging in thickness from 7 m at Rosedale-1 to 25 m at Ray Reef up to 30 m in northern
Michigan (St. Homestead-1-33).
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Figure 3.19: Facies 7 of Area 1. Microbial-laminated Mudstone Facies. Scale bar is 5 cm.
1: Karstic dissolution (leaching) of microbial laminites. Base is brecciated (Bc), leaching
highlighting fenestral porosity (Fen). (Beier et al.-1).
2: Microbial laminites with light karstic dissolution. Displaying inclined and conformable
laminations. (Imp-619)
3: Faint microbial laminations throughout a pelletal mudstone. Intense karstic dissolution
highlighting fenestral (Fen) porosity. (Rosedale-1).
4: Planar and convoluted microbial laminations with low relief peaked stylolites (st).
(Union Imp-25)
5: Microbial-laminated mudstone with brecciated (Bc) intervals and well developed
fenestral porosity (Fen). (Beier et al.-1).
6: Gypsiferous, pustular microbial-laminated dolomudstone. Fenestral porosity plugged
by secondary gypsum. (St. Homestead-1-33).
7: Caliche fabric. Brown, thinly-laminated, algal laminite with cracks filled by tan
micrite. (St. Homestead-1-33).
8: Gypsiferous dolomudstone with crack fill. Crack is filled by brown to black
recrystallized dolomudstone. Faint and clotted microbial-laminites above (ml). (St.
Homestead-1-33).
9: Brecciated base (Bc) and overlying poorly-developed, clotted and convoluted
microbial laminites. (St. Homestead-1-33).
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3.5.2.5 Facies 8: Brecciated Microbial Laminite and/or Mudstone
This facies forms the capping unit of the Guelph Formation in Area 1 and Area 3, but
differs lithologically in each area. In Area, 1 the capping unit consists of brecciated
microbial laminites whereas in Area 3, the same unit contains only brecciated mudstone.
Facies 6 marks the top of the Guelph succession in Area 2 and entirely lacks this capping
unit.

Area 1- Brecciated Microbial Laminite
Description:
Facies 8 is clast-supported with angular clasts internally preserving a microbially
laminated fabric in a medium grey to brown recrystallized matrix (Fig. 3.20). The clasts
range in size from silt to pebble-size (less than 1 mm to 60 mm) and elongate to
rectangular-shaped in cross-section, decrease in size up-section. At the base of the unit
containing this faces, pebble-size clasts are imbricated, oriented nearly parallel to the
bedding, forming a stacked appearance resembling a beachrock fabric (Shinn, 2009;
Tucker and Wright, 1990). The microbial laminae alternate in colour from medium greybrown to a greyish tan. Laminations are mostly planar with some gently undulation and
are thinly spaced vertically at a sub-mm scale. The clasts consist of limestone with small
patches of dolomitized matrix. The facies has low intercrystalline porosity with patches of
fenestral porosity along laminae highlighted by karstic dissolution.
At the locality where Facies 8 is thickest, TecDow-7 (8 m), the stromatolite
fragments are significantly larger at the base, reaching thicknesses of 75 cm. Here, black
shale seams separate stromatolitic fragments. Up-section the fragments become smaller,
25 cm and less (Fig. 3.20-5).

Distribution and Contacts:
Facies 8 is not laterally extensive across Area 1 and increases in thickness from less than
1 m (at Payne-8, Payne-4, Rosedale-1, and Imp-619); to approximately 3 m thick (Beier
et al.-1, Ram-5); and upward to 8 m thick (TecDow-7). In the Ontario portion of Area 1,
Facies 8 is present at all localities with thicker Guelph but absent at localities where the
thickness of the Guelph interval is much reduced (less than 10 m);
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Figure 3.20: Facies 8 of Area 1. Scale bar is 5 cm; B=bottom; T=top.
1: Transition from the brown microbial-laminated mudstone (Facies 7) to the brecciated
microbial laminites of Facies 8. Here, Facies 8 is approximately 3 m thick and consists of
several cycles of flat-pebble conglomerate interbedded with non-brecciated microbial
laminites. (Beier et al.-1).
2: Close-up of above photograph. Silt to pebble-sized limestone microbial-laminated
clasts in a limestone mud-matrix with patches of dolomite. Some pebble clasts have
fenestral porosity between laminae. (Beier et al.-1).
3: Cavity fill with angular clasts of brecciated microbial laminites. The clasts are subrounded in a brown to black finely crystalline matrix with dark green, flattened mud
clasts. The clasts are limestone and the matrix is dominantly limestone with dolostone
patches. (Imp-619).
4: Up-section from above photograph and uppermost portion of cavity fill. Small angular
clasts of microbial laminites with black peaked stylolites; capped by smaller sub-rounded
pebbles and shell debris. (Imp-619).
5: Brecciated microbial laminites. Larger clast size than typical for Facies 8. (TecDow7).
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The Brecciated Microbial Laminite Facies overlies either Facies 4 (Ram-5, Tec
Dow-7, Payne-8, Payne-4, Imp-619); or Facies 7 (Beier et al.-1, Rosedale-1). In both
cases: laminated carbonate crusts, brecciation, and karstic dissolution horizons occur in
the uppermost portion of the underlying facies; and is capped by a microbial laminite that
is completely brecciated (Facies 8).
Facies 8 is abruptly terminated by karstic dissolution in the uppermost 1 m. The
overlying microbial laminites or mudstones of the A-1 Carbonate are deposited on this
unconformity. Locally at Rosedale-1(see Fig. 3.2) and Imp-619 (Fig. 3.3), brecciated
clasts of Facies 8 occur in karst conduits. At Rosedale-1 the karst conduit is 3.2 m thick,
filled with small (1-3 cm), sub-rounded and matrix-supported algal stromatolite clasts in a
green silt and clay matrix.

Area 3-Brecciated Mudstone
Description:
The Brecciated Mudstone Facies is a thin persistent karstic surface terminating Facies 4
(Fig. 3.21). The base consists of a medium grey, massive, brecciated, pelletal
dolomudstone with dark green shale incorporated into the breccia and thin black scattered
laminae. The top part comprises an interval of dark grey to black, thinly laminated
silicified mudstone that is overlain by thinly laminated, greyish-green, iron-stained shales
of the A-1 Carbonate, Salina Group. Locally, the silicified interval may be a series of
brown to orange-brown to grey hardgrounds with caliche textures (Fig. 3.4; OGS-82-3);
or may have a chicken-wire texture (Norfolk-124-N).

Distribution and Contacts:
Facies 8 is extensive throughout Area 3. Here, it records the last of the Guelph Formation
in the stratigraphic record. It ranges in thickness from 0.2 to 0.5 m. The underlying lightly
brecciated dolomudstone of the Facies 4 gradationally becomes brecciated and then
terminated by this silicified mudstone interval.
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Figure 3.21: Facies 8 of Area 3. Brecciated Mudstone Facies. Scale bar is 5 cm;
B=Bottom; T=top.
1: Brecciated Facies 4 grading up to a black silicified karstic cap. The rock becomes
dirtier upwards as green siltstone to mudstone is incorporated into breccia. (DDH-7-09).
2: Overlies above photograph. Black silicified exposure cap with amalgamated pyrite
flakes, green flattened mudstone clasts and fibrous marine cements. Note: the A-1
Carbonate is not evaporitic in Area 3. (DDH-7-09).
3: Thicker Facies 8 than typical seen in Area 3. Facies 8 has an interbedded tan
hardground, 3 cm thick. Facies 8 is distinct from the underlying clean, porous and
bioturbated Facies 4.The A-1 Carbonate sharply overlies the Facies 8, separated by a
green silicified mudstone bed. (Fletcher).
4: Evaporitic Facies 8 from the eastern portion of Area 3. Chicken wire texture with
cracks filled by anhydrite. Sharp irregular contact with the A-1 Carbonate with small,
white anhydrite nodules at the base (An). (Norfolk-124-N).
5: Grey to brown silicified Facies 8 with an irregular karst surface lined by green shale
(right). Irregular laminites of the A-1 Carbonate directly above contact (left). (Norfolk124-B3).
6: Facies 8 with irregular, discontinuous, tan hardgrounds (HG); white anhydrite filled
pores (An); and green mudstone lining breccia cracks. (Elgin-56-P2).
7: Sharp surface with irregular relief into Facies 4 (Cd); black to grey, brecciated and
silicified zone with small anhydrite nodules (Bc); followed by brown to orange-brown to
grey marine cements with caliche textures (Ch); capped by iron-stained shales. (OGS-823).
8: A more subtle Facies 8. Light tan brecciated base with small anhydrite nodules (Bc);
followed by a green (Gs) to black (Gb) silicified cap with brown anhydrite laths; and
truncated by black stylolite. (Elgin-56-P2).
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3.6 Lithologic descriptions of the Salina A-Unit
The lowermost ‘A’ unit of the overlying Salina Group was examined as part of this study
because it represents a regional geophysical marker zone and it records deposition and
post-Guelph Formation karstification – it is separated from the underlying Lockport
Group by a sharp disconformable contact. The geographic distribution and architecture of
the basal Salina Group rock units are poorly understood and detailed study is beyond the
scope of this study (see Section 2.2). Below are lithologic descriptions of the four basal
‘A’ formational units named in ascending order: the A-0 Carbonate, A-1 Evaporite, A-1
Carbonate, and A-2 Evaporite (Gill, 1973; 1977a; Huh et al., 1977; Armstrong and Carter,
2010). The term A-0 Carbonate was proposed by Gill (1973) to include the locally
occurring laminates below the A-1 Evaporite in southeastern Michigan. The same scheme
was later adopted in southwestern Ontario, with much confusion remaining in the
geographic distribution and lithologic characteristics of this formation (see Carter and
Armstrong, 2010). Re-examination of these rock units during course of this study has
revealed that the A-0 Carbonate has likely been misinterpreted as uppermost Guelph
strata or as the A-1 Carbonate by previous authors. The A-0 Carbonate nomenclature used
in this study follows that outlined by Gill (1973).

3.6.1 The A-0 Carbonate Formation
Description:
In the cores studied, the A-0 Carbonate was observed at four locations (see below). When
present, the A-0 Carbonate appears as a light brown dolomudstone with thin, dark brown,
crinkly horizontal laminae with submillimeter-scale spacing (Fig.3.22-1 to 3.22-3).
Desiccation cracks and thin blue anhydrite beds occur in the uppermost beds. Karstic
dissolution (leaching) has served to enhance intercrystalline porosity.

Distribution and Contacts:
The A-0 Carbonate is present at localities where the Guelph Formation is thinnest (<10
m), where Facies 4 caps the Guelph Formation; and ranges in thickness from 0.5 m to 2 m
(Imperial Seck- 6; Corden et al.; Corden et al.- 2; TecDow-4). In addition to these four
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localities, Carter et al. (1994) documented the A-0 Carbonate southwest of TecDow-4, at
Argor 65-1 (T001992), where its thickness was observed to be 1.7 m (Fig. 1.6).
The A-0 Carbonate contact with the Guelph Formation is represented by a
lithologic change that has been obscured by the effects of dissolution, dolomitization,
recrystallization and possibly early diagenesis making it difficult to see the transition. The
lithologic change marked by the upward change from brecciated, recrystallized and
karsted dolomudstone of Facies 4 to the typically brown and faintly laminated mudstone
of the A-0 carbonate (Fig. 3.22-1). There is no distinct, sharp surface marking this contact
and it is typically recognized by the first appearance of laminae. The relative abruptness
of lithologic change noted at the contact, as revealed in the present study, contrasts with
the previous diagnosis of this transition as being gradational (Carter et al. 1994;
Armstrong and Carter, 2010).The A-0 Carbonate was not observed in cores logged from
Michigan. Gill (1973, 1977a) documented the presence the A-0 Carbonate, noting unit
thicknesses ranging from 1.5 to 3 m in the ‘reef flank’ and ‘off reef’ depositional areas of
southeastern Michigan.

3.6.2 The A-1 Evaporite Formation
Description:
When observed in core, the A-1 Evaporite is a blue- or white-coloured anhydrite unit that
ranges in texture from nodular to interlaminated anhydrite and dolomicrite (Fig. 3.22-2;
3.22-4). The nodular anhydrite has crypto-crystalline dolomicrite wisps between nodules
that commonly appear distorted and flattened (Charbonneau, 1990). The laminations in
the massive anhydrite are tan to brown, thin (<0.1 mm) dolomicritic laminae. Chicken
wire, enterolithic, mosaic, and felted textures are seen throughout this unit (Fig. 3.22-4;
Gill, 1973). Locally in Ontario, white, medium crystalline halite beds occur, 1-5 cm in
thickness and are randomly distributed.
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Figure 3.22: The A-0 Carbonate, A-1 Evaporite, and A-1 Carbonate of Area 1. Scale bar
is 5 cm; B=bottom; T=top.
1: Contact between Facies 4 and the A-0 Carbonate. The karsted and mud-dominated
Upper Guelph Member changes lithology to the crinkly laminated dolomudstone of the
A-0 Carbonate. (TecDow-4).
2: Contact between the A-0 Carbonate and A-1 Evaporite. The crinkly laminae of the A-0
Carbonate become more densely spaced up-section where thin blue anhydrite seams
begin to occur transitioning to the A-1 Evaporite. Typical lithology for the A-1 Evaporite:
blue to white nodular to interlaminated anhydrite to dolomicrite. (TecDow-4).
3: Typical lithology of the A-0 Carbonate. Light brown dolomudstone with thin, dark
brown, crinkly horizontal laminae with submillimeter-scale spacing. (TecDow-4).
4: Various fabrics of the A-1 Evaporite. Left: distorted nodular fabric. Right: enterolithic
fabric capped by laminated cements disturbed by anhydrite nodules. (TecDow-4).
5: A-1 Carbonate. Core displaying hydrocarbon staining. (TecDow-4).
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Distribution and Contacts:
The A-1 Evaporite appears to gradationally overlie the A-0 Carbonate as massive
anhydrite interlaminated with dolomicrite grading upwards to a nodular anhydrite. The
contact can be difficult to pick as thin anhydrite seams, 1-3 cm, become interbedded in
the uppermost A-0 Carbonate, as microbial laminae thin and disappear. The contact is
chosen at the appearance of the first anhydrite bed. The A-1 Evaporite is locally present
throughout Area 1 and absent from Area 2 and Area 3. Towards the northwest of Area 1,
the A-1 Evaporite has been mapped as transitioning laterally into halite and sylvite
(Nurmi and Friedman, 1977). It is a common misconception that the potash deposits are
necessarily restricted to the centre of a sedimentary basin. The potash horizon in the A-1
evaporite is asymmetrically distributed in the Michigan Basin, and more or less restricted
to northwestern portion of the basin, where the beds of potash thicken and coalesce
toward the northwestern margin (Nurmi and Friedman, 1977; Sonnefeld, 1985).

3.6.3 The A-1 Carbonate Formation
The A-1 Carbonate occurs extensively in Areas 1 and 3, but lithologic characteristics are
quite different in each area and will be described separately. This formation is absent
from Area 2, as it is beyond the erosional boundary of the Salina Group.

Area 1
Description:
In Area 1, the lithologic and diagenetic characteristics of A-1 Carbonate can be quite
variable, with some of these differences seeming to relate to differences in the
characteristics of the underlying strata. Additionally, the A-1 Carbonate and overlying A2 Carbonate exhibit a strong diagenetic overprint which adds to the difficulty in
discerning facies or contacts.
Most commonly, the A-1 Carbonate directly overlies the Guelph Formation (Fig.
3.23), with a basal thrombolitic dolomudstone typically grading upward into welldeveloped microbial laminites and locally a stromatolitic boundstone. On a more specific
level, the basal dolomudstone itself is finely crystalline and medium tan to brown in
colour with faint convoluted thrombolitic microlaminae (Fig. 3.23-1; 3.23-5, 3.23-6). The
124

microbial laminites form beds 5-10 cm thick, with individual laminae ranging in character
from dispersed and discontinuous laminae to well-developed, horizontal, and planar
laminae . The laminae, each typically less than 0.5 mm thick, are darker brown in color
than the mud matrix, and commonly crinkly and inclined, but in some instances are
horizontal. A mottled to clotted fabric locally occurs in intervals of this unit, but is
different in character from that of the Guelph Formation in that the clots appear as
isolated patches with irregular outlines (1- 5 cm), where portions of sediment have been
recrystallized, imparting a diffuse spotted appearance (camouflage-like; Fig. 3.23-2).
Thin dark black shale partings approximately 1-3 cm thick, occur locally. Framboidal
pyrite occurs as tiny, sub-millimeter-sized black dots throughout the matrix (Gill, 1977a).
Sparse peaked stylolites with low relief, 1-4 cm, occur between laminae. In some of the
Michigan cores, odd dendritic features locally crosscut laminations (see Fig. 3.7). The A1 Carbonate also hosts dark brown, translucent blocky anhydrite laths in the sediment,
less than 1 cm in length. The effects of karstic dissolution (leaching) on the A-1
Carbonate are variable and can be moderate (Fig. 3.23-3), to intense (Fig.3.23-4).
In the uppermost portion of the A-1 Carbonate, the laminae become more densely
spaced, more distinct and are typically horizontal in attitude with local inclinations,
forming a stromatolitic boundstone (Fig. 3.23-4). Intermat layers are typically thin (0.5-5
cm) and consist of brown to grey. As in the thrombolitic basal beds, thin dark black shale
partings (1-3 cm), framboidal pyrite, and rare peaked stylolites with low relief (1- 3 cm)
are observed in these layers. In some instances, mat layers appear to be slanted or
overturned, (Fig. 3.24-1). Desiccation cracks and brecciated mat layers are common in
anhydrite-rich intervals (Fig. 3.24-2, 3.24-3).
In northwestern Michigan, the A-1 Carbonate exhibits characteristics not observed
in the southeastern portion of Area 1 (Fig. 3.24-5 to 3.24-9). At the St. Homestead-1-33
borehole, where the Upper Guelph Member is a featureless gypsiferous dolomudstone
hosting caliche horizons and crack fills (see Section 3.5.2.4), the A-1 Carbonate sharply
overlies the gypsiferous dolomudstone as a medium grey, dolomudstone with faint, dark
grey, randomly dispersed laminae with desiccation cracks (Fig. 3.24-5, Fig. 3.24-6). This
A-1 Carbonate grades into the A-2 Evaporite unit in the uppermost beds, the latter is a
white, nodular anhydrite with intermittent brown algal laminae displaying collapse
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Figure 3.23: A-1 Carbonate of Area 1 (a). Scale bar is 5 cm; B=bottom; T=top.
1: Contact between Facies 8 and the A-1 Carbonate. The brecciated stromatolite is
abruptly terminated, marked by an irregular surface lined with a peaked stylolite. The A-1
Carbonate begins as a brown, mottled, hydrocarbon-stained dolomudstone with faint
microlaminations and pores are plugged by clear anhydrite (An). There is a distinct
lithologic change, marked by the white line, to the distinctive diffuse clotted fabric of the
A-1 Carbonate giving the rock a camouflage appearance--dark patches of the rock are
recrystallized removing primary depositional fabric. (TecDow-7).
2: Upsection from above photograph. Left: the diffuse clotted (camouflage) fabric of the
A-1 Carbonate. Right: clotted to interlaminated dolomudstone, moderately leached.
(TecDow-7).
3: Moderate karstic dissolution of the interlaminated dolomudstone. Karstic dissolution
(leaching) highlights fenestral and intercrystalline porosity.
(TecDow-7).
4: Severe karstic dissolution of the microbial laminated dolomudstone. Some pores are
filled by white anhydrite. (TecDow-7).
5: Slightly inclined microbial laminations with small brown anhydrite nodules coalescing
between laminae. (Beier et al.-1).
6: Up-section from above photograph. Faintly microlaminated dolomudstone with a
localized interval of well-developed laminae (bottom right). Slight clotted fabric
throughout. (Beier et al.-1).
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structures and desiccation cracks. Slightly south of the above locality where the Guelph
Formation is absent (Miller WSCC), a thin bentonite bed, 5 cm thick, separates the
Ancaster Member from the A-1 Carbonate (Fig. 3.24-7). Here, the A-1 Carbonate is a
medium brown to black, finely crystalline, thinly planar laminated dolomudstone (Fig.
3.24-8). Laminae are densely spaced and are distorted in the uppermost beds, appearing to
wrap around anhydrite nodules. The overlying A-2 Evaporite largely consists of coarse
crystalline halite with interbedded grey to black laminites (Fig. 3.24-9), although halite is
typically not seen at the base of this unit where anhydrite is more dominant (see Section
3.6.4).
At localities where the A-0 is present (see 3.6.1), the A-1 Evaporite separates the
A-1 Carbonate from the A-0 Carbonate. Here, the A-1 Carbonate is anhydritic at the base
with thin blue anhydrite beds interbedded in the tan to brown, very thinly laminated
dolomudstone. Lithology of the A-1 Carbonate can be variable depending on thickness,
but typically shows the same trend discussed above: from the tan to brown thrombolitic
dolomudstone to the stromatolitic boundstone. Karstic dissolution, anhydrite nodules
(< 1cm in diameter) and blocky anhydrite laths occur throughout.
The thickest cored interval of the A-1 Carbonate in the above succession
(containing the A-0 Carbonate, A-1 Evaporite, A-1 Carbonate), is 37 m at TecDow-4.
Here, the lower of part of the A-1 Carbonate consists of a 16 m-thick unit of thromboltic
dolomudstone that is succeeded by a 2.6 m thick nodular anhydrite bed and a 3 m thick
thinly laminated, shaley, bituminous unit. The shaley unit, in turn, grades upward into 4
m thick stromatolitic boundstone. The latter ultimately grades upward into an 8 m thick
succession of strata composed of massive, microlaminated dolomudstone with brown
anhydrite laths and bleached caliche horizons. The A-1 Carbonate is complete with a 7 m
thick massive, grey lime featureless gypsiferous dolomudstone with caliche surfaces and
peaked stylolites of low relief. Gill (1973; 1977a) described two blue nodular anhydrite
zones in the A-1 Carbonate in southeaster Michigan, within a similar sequence as above,
applying the term ‘Rabbit Ears Anhydrite’. These dual anhydrite beds were not seen in
cores logged in this study and appear to be absent in Ontario.
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Figure 3.24: A-1 Carbonate of Area 1 (b). Scale bar is 5 cm; B=bottom; T=top.
1: Slanted mat (mt) layers in a clotted, lightly leached dolomudstone with white anhydrite
filled voids (An). (Ray Reef).
2: Overturned and desiccated mat layers in an anhydrite-rich interval of the A-1
Carbonate. (Ray Reef).
3: Brecciated and convoluted laminations in an anhydrite-rich interval of the A-1
Carbonate. (Ray Reef).
4: Microlaminated dolomudstone with brown acicular anhydrite. (TecDow-7).
5: Dolomudstone with desiccated laminations and caliche horizons. (St. Homestead-133).
6: Up-section from above photograph. Planar laminations with a clotted fabric at base.
(St. Homestead-1-33).
7: Bentonite bed separating the Ancaster Member of the Goat Island Formation from the
overlying A-1 Carbonate; Guelph Formation is absent. Only locality where a bentonite
bed was observed. (Miller WSCC).
8: Medium brown to black, thinly laminated A-1 Carbonate. Laminations are dense and
planar. Laminae become distorted by white anhydrite nodules (An) in the uppermost
beds. Slight karstic dissolution (leaching) at base. (Miller WSCC).
9: Up-section from above photograph. Contact between A-1 Carbonate and A-2
Evaporite. Here, the A-2 Evaporite is coarse crystalline halite with interbedded grey to
black collapsed laminae. (Miller WSCC).
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Distribution and Contacts:
The A-1 Carbonate is extensive across Area 1, with its lithologic characteristics appearing
to vary according to those of underlying strata. In cases where the A-1 Carbonate overlies
the Guelph Formation, the contact is typically sharp. The contact between the A-1
Carbonate and the underlying Guelph Formation is recognized by an abrupt upward
change from a Brecciated Microbial Laminite Facies or karstic conduit filled with green
shale (Rosedale-1) into the laminated thrombolitic unit of the A-1 Carbonate.
In cases where the A-1 Carbonate overlies the A-1 Evaporite, the contact appears
gradational. In the uppermost A-1 Evaporite, dolomicritic laminae increase in number and
thickness, with a reciprocal thinning and ultimate disappearance of anhydrite layers as the
A-1 Carbonate is approached from below. Like the contact of the A-0 Carbonate and A-1
Evaporite, the contact between the A-1 Carbonate and A-1 Evaporite is chosen at the first
anhydrite bed.

Area 3
Description:
The A-1 Carbonate displays a different theme than that seen in Area 1. The A-1
Carbonate begins as an evaporitic mudstone with localized collapse breccias at the base
that grades upward into a thinly laminated mudstone (Fig. 3.25-1). The former is a
medium grey to brown, finely crystalline, massive dolostone with convoluted
laminations, anhydrite laths and nodules (Fig. 3.25-2, Fig.3.25-3). The collapse breccias
are thin, 5 to 10 cm, and comprise a contorted fabric with desiccated laminae. These
collapse breccias are most common in core localities closest to the current location of the
Algonquin Arch (Fig. 1.3). The latter is a medium to dark grey-brown to black, crinkly to
planar laminated unit (Figs. 3.25-4 to 3.25-8). The laminae are well-developed, thin, 0.1
to 0.5 mm, and range in colour from brown to grey or black. Anhydrite laths occur
throughout, but are most common in the lowermost beds. Clear to white gypsum seams
are most common in Area 3 and nodular anhydrite intervals seen in Area 1 are absent.
Local interlaminated structures can include: overturned mats (Fig. 3.25-6) and flame
structures (Fig. 3.25-8). The base of the A-1 Carbonate is marked by a dark green,
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Figure 3.25: A-1 Carbonate of Area 3. Scale bar is 5 cm; B=bottom; T=top.
1: Typical sequence of the A-1 Carbonate in Area 3. The green laminated shales of the
A-1 Carbonate sharply overly Facies 8 of the Upper Guelph Formation. The basal A-1
Carbonate is a brown evaporitic dolomudstone with poorly developed laminae, anhydrite
laths and nodules, and small-scale brecciation. The uppermost A-1 Carbonate is a brown
to greyish black, laminated dolomudstone with white gypsum seams and brown anhydrite
laths. Top core box shows convoluted laminae that occur in cores closest to the current
location of the Algonquin Arch (see Fig. 1.3). (DDH-7).
2: Basal A-1 Carbonate. Brown, fine crystalline dolomudstone with faint
microlamintation and clear to brown anhydrite laths (An). (Kent-308-W2).
3: Basal A-1 Carbonate. Light brown dolomudstone with convoluted and disturbed
laminae with brown anhydrite laths. (Kent-308-W2).
4: A-l Carbonate. Well-developed, convoluted laminae with brown anhydrite laths
towards bottom left. (Kent-409-M).
5: A-1 Carbonate. Well-developed, horizontal, planar to crinkly laminae with brown
anhydrite laths throughout. (Kent-308-W2).
6: A-1 Carbonate. Right: Brecciated zone at base (Bc), followed by an overturned mat
(om); Left: Grey dolomudstone with black, horizontal, planar laminations. (Norfolk-124B3).
7: Up-section from above photograph. Clear gypsum seams in the uppermost laminated
dolomudstone. Common in cores closest to the current location of the Algonquin Arch
(see Fig. 1.3). (Norfolk-124-B3).
8: A-1 Carbonate. Thinly laminated, brown, finely crystalline dolomudstone with flame
structures (fl). (OGS-82-3).
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thinly laminated pyrite-stained mudstone that sharply overlies Facies 8 of the Guelph
Formation (see Fig. 3.4).

Distribution and Contacts:
In Area 3, the dark green shales at the base of the A-1 Carbonate overly the Brecciated
Mudstone Facies and distinctly mark the Guelph-Salina contact. The basal laminated,
evaporitic dolomudstone has an average thickness of 0.3 to 0.6 m, thickening up to 4 m in
the northernmost portion of the study region (DDH-7-09), but is completely absent in the
southernmost cores (Elgin-184-I2; Kent-221-P). The microbially laminated mudstone unit
is persistent throughout Area 3, reaching a maximum thickness of 12 m in the
northernmost portion of the basin where white gypsum flakes and thin gypsum seams (<1
cm) are imbedded in the sediment, but no anhydrite. In the southernmost portion of Area
3, where the evaporitic thrombolitic mudstone is absent, the microbial laminated
mudstone ranges in thickness from 7 m (Kent-221-P) to 11 m (Elgin-184-I2).

3.6.4 The A-2 Evaporite Formation
Description:
Similar to the A-1 Evaporite, the A-2 Evaporite is a light blue, nodular, very finely
crystalline anhydrite with tan, wispy, styloseam-like dolomicrite structures enhancing the
nodular appearance (see Section 3.6.2). Like the underlying A-1 Carbonate, the lithology
of the A-2 Evaporite is quite variable in northwestern Michigan. Furthest north at St.
Homestead-1-33, the A-2 Evaporite has a lithology of white nodular gypsum with
medium brown microbial laminites. The interbedded laminite cycles are 0.1 to 0.6 m
thick, comprise planar and slightly inclined laminae with desiccation cracks and collapse
structures. Thin brown anhydrite beds 0.1 to 0.3 m thick occur at the base. To the
southwest of the above core locality (Miller WSCC), the A-2 Evaporite is composed of
coarse crystalline, clear halite with interbedded laminites (Fig. 3.24-9). The thin, planar to
crinkly laminations alternate in color from light to dark brown and have desiccation
cracks throughout.
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Distribution and Contacts:
This unit is used as a marker when targeting the Guelph Formation for exploration, such
that coring commonly begins at the presence of the A-2 Evaporite. The A-2 Evaporite
appears to gradationally overlie the A-1 Carbonate. Thin blue anhydrite seams, 1-3 cm,
become interbedded in the uppermost A-1 Carbonate and gradually thicken, as laminae
thin and disappear. The contact is chosen at the first anhydrite seam.

3.7 Type Section(s) of the Guelph Formation
As addressed in Chapter 2, the Guelph Formation has not been assigned a type section
(Brunton and DeKeyser, 2004; Brunton et al., 2005; Brunton, 2009). The Guelph Dolime
Quarry and the Guelph rail-way cut (illustrated in Williams, 1919) are situated in the City
of Guelph (within Area 2; Figs. 1.6, 3.1), and provide the best exposure and accessibility
to examine many of the distinctive facies of the Guelph Formation and its variable contact
with the underlying Eramosa Formation (see Brunton, 2009 for discussion of Eramosa
and Guelph formations). These two sections, in combination, have been selected in this
study as the type-section(s) for the Guelph Formation despite the fact that there are minor
problems with the designations, as listed here: 1) the thickest package of the Guelph
Formation is not fully represented (i.e. the Upper Guelph Member facies); 2) the upper
contact with the overlying Salina Group is not exposed in any known outcrop; and 3) as
typical of most type sections, the entire range of lithofacies is not represented.
However, both the Lower and Upper members of the Guelph Formation are
present in the 16 m-thick section at the Guelph Dolime Quarry (Fig. 3.26; 3.27); only the
Lower Guelph Member is exposed in the 12 m-thick Guelph rail-way cut section (Fig.
3.28). In addition to the City of Guelph exposure, the Irvine Gorge outcrop in Elora has
been selected as an additional reference section because it comprises good exposures of
both the Lower and Upper Guelph members (see Figs. 3.29; 3.30); the basal contact is
described from DDH-5-09, a regional cored hole located near Middlebrook Rd south of
the town of Elora and the gorge.
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3.7.1 Lower Guelph Member
The basal contact of the Lower Guelph Member with the underlying Eramosa and/or Goat
Island formations, generally possesses a basal stromatoporoid-algal-skeletal wackestone
to packstone facies (Facies 1) to a coral-stromatoporoid floatstone facies (Facies 2) –
especially in Area 2 and 3. In the Guelph Dolime Quarry, Facies 1 defines the base of the
Guelph Formation which sharply overlies the light tan, finely crystalline dolomudstone of
the regionally thin (1-2 m) Stone Road Member of the Eramosa Formation (Brunton,
2009; Brunton and Brintnell, 2011). The light tan colored Stone Road Member separates
the underlying medium brown to black, highly bituminous, argillaceous, microbially,
meter-scale cycles of the Reformatory Quarry Member from the overlying Guelph
Formation. The sharp contact of the Stone Road Member (Eramosa Formation) with the
overlying grey-tan packstones to wakestones and small reef mound-bearing dolostones of
the Guelph Formation is an easily traceable across the quarry (Fig. 3.26).
Although the lowermost stromatoporoid-algal wackestone to packstone facies is
not laterally continuous across the entire study area or even at the Type Sections (i.e., it is
absent at the Guelph rail-way section) it is a diagnostic facies that can be found within
patchy belts extending from OGS-CORB to northeast of Guelph through GecoW-G oil
and gas wells and extending to southwest of Guelph and Cambridge in subsurface cores
(see Fig. 3.7-1). In general, in the subcrop/outcrop belt the base of the Guelph Formation
is defined by a distinctive lithologic change from the underlying Reformatory Quarry
Member or Stone Road Member of the Eramosa Formation to the skeletal grainstones of
the Lower Guelph Member (see below). Where the Eramosa Formation is not present
(either cut out or was not deposited), the basal Guelph Formation is marked by a
disconformable contact with the Ancaster Member of the Goat Island Formation or
directly on the Gasport Formation – in some cores it is problematic to distinguish
particular crinoidal wackestone-packstone facies of the Goat Island Formation from that
of the Gasport Formation (Brunton, 2009; Brunton and Brintnell, 2011).

Stromatoporoid-Algal Packstone to Wackestone Facies (Facies 1)
At the Guelph Dolime Quarry Type Section, this facies is characterized as the medium to
dark grey packstone to wackestone unit with abundant white stromatoporoids and rare
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favositid corals (see description in Section 3.5.1.1). Stromatoporoids comprise both
laminar (5 to 20 cm in diameter) and domical (5 to 15 cm in diameter) forms (Fig. 3.26-1;
3.26-2; 3.26-3). The small favositid corals are golf-ball size or smaller. Thickness of this
facies is variable, changing from 1 to 3 m locally throughout the Dolime Quarry. Small
microbial-stromatoporoid mounds are common at the base of this unit and weather easily,
leaving large holes in the quarry face ranging in size from 1 to 6 meters. In the south and
southeast quarry walls, the basal reef mounds appear to form composite structures up to 5
to 8 m in height by 30 to 50 m across and have low angle flanking strata highlighting their
presence. At the Irvine Gorge and a nearby drill hole (DDH-5-09), this facies is the
thickest at 10 to12 m. Here, large weathered reefs form holes in the rock faces, range in
thickness from less than 1 m up to 10 m (Figs. 3.29; 3.30).

Coral-Stromatoporoid-Skeletal Floatstone Facies (Facies 2)
Facies 2 is represented at the Guelph Dolime Quarry and ranges in thickness from 2 to 5
m and appears to be thicker where the basal Facies 1 is thicker (Fig. 3.26; see description
in Section 3.5.1.2). Here, these bioturbated, pelletal dolomudstones display the floating
laminar and domical stromatoporoids, and favositid and rugose corals (Fig. 3.26-4; 3.265). Corals and stromatoporoids are almost always overturned and shell debris
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Figure 3.26: Guelph Formation, Guelph Dolime Quarry, City of Guelph, Ontario. Lower
Guelph Member: Stromatoporoid-Algal-Skeletal Packstone to Wackestone (Facies 1) and
Coral-Stromatoporoid-Skeletal Floatstone (Facies 2).

1: Quarry face displaying all units exposed, from bottom to top: Reformatory Quarry
Member (RQ), Eramosa Formation, 4-5 m in thickness; Stone Road Member (SR),
Eramosa Formation, 0.5- 1 m in thickness; Stromatoporoid-Algal-Skeletal Facies (S-AS), Lower Guelph Member, Guelph Formation, 1- 1.5 m; Coral-Stromatoporoid-Skeletal
Floatstone Facies (C-S-S), Lower Guelph Member, Guelph Formation, 2-5 m in
thickness; Gastropod-Megalodont-Algal Wackestone to Mudstone Facies (G-M-A),
Upper Guelph Member, Guelph Formation, 10-12 m in thickness
2: Stromatoporoid-Algal-Skeletal Facies (S-A-S), Lower Guelph Member, Guelph
Formation. A distinctive medium to dark grey unit with large white stromatoporoids
overlying the light tan dolomudstone of the Stone Road Member, Eramosa Formation.
3: Stromatoporoid-Algal-Skeletal Facies Lower Guelph Member, Guelph Formation.
Laminar (Lm) and low domical (Dm) stromatoporoid species.
4: Coral-Stromatoporoid-Skeletal Floatstone Facies, Lower Guelph Member, Guelph
Formation. Large tabulate coral is encased in a pelletal mudstone matrix.
5: Coral-Stromatoporoid-Skeletal Floatstone Facies, Lower Guelph Member, Guelph
Formation. Large floating domical stromatoporoid, overturned.
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Figure 3.27: Relationships of the Gasport, Eramosa, and Guelph formations at Guelph
Dolime Quarry, City of Guelph, Ontario.
1: Photograph showing the contact between a thickened Gasport mound and Eramosa
Formation and the overlying Guelph Formation in the distant bench. Note: the Goat
Island Formation is absent, a common theme in the subcrop/outcrop belt with thickened
Gasport strata.
2: Gasport Formation reef mound with onlapping Eramosa beds of the Reformatory
Quarry Member. Where these Eramosa beds are not present (either cut out or was not
deposited), the basal Guelph Formation disconformable overlies the Gasport Formation.
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Figure 3.28: Eramosa and Guelph formations, Guelph rail-way cut, City of Guelph,
Ontario. Reformatory Quarry Member of the Eramosa Formation and overlying Lower
Guelph Member of Guelph Formation.
1: Medium-brown, bituminous dolostones of the Reformatory Quarry Member of
Eramosa Formation overlain by a thin caprock of the light tan, muddier, Skeletal-Algal
Wackestone to Mudstone Facies of the Lower Guelph Member. Note the seismite bed
(earthquake-invoked disturbance of sedimentary layer) in the Reformatory Quarry
Member, City of Guelph, Ontario.
2: Medium brown, bituminous, thinly- to medium- and tabular-bedded dolostones of the
Reformatory Quarry Member, Eramosa Formation.
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Figure 3.29: Guelph Formation, Lower Guelph Member, Irvine Gorge, Elora, Ontario.
Stromatoporoid-Algal-Skeletal Wackestone Facies.

1: Large weathered-out reef mound in the light tan to grey, medium- to thickly-bedded,
Stromatoporoid-Algal-Skeletal Wackestone Facies.
2: Laminar stromatoporoids (S) displaying distinctive laminae highlighted on the
weathered surface.
3: Small weathered-out reef.
4: Stromatoporoid and algae highlighted in a weathered face.
5: Cross-section of laminar stromatoporoids (S) displaying distinctive parallel
laminations
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Figure 3.30: Guelph Formation, Irvine Gorge, Elora, Ontario. Tan to grey, medium to
thickly-bedded dolostones of the Lower Guelph Member with weathered-out small
stromatoporoid-microbial-bryozoan mounds (Bm), Facies 1.
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(brachiopods and bivalves and bryozoans) less common. Common vugs (1-10 cm in
diameter) are filled by secondary calcite crystals. There are localized cycles, intervals 1-3
m thick of abundant frame-builders alternating with more mud-rich units with rare fauna
(2-3 m). The abundance of corals and stromatoporoids progressively decrease upwards,
whereas the amount of megalodont and gastropod fauna increase.

Skeletal-Algal wackestone to mudstone (Facies 3)
Facies 3 is absent at the Guelph Dolime Quarry Section Type Section as the more reefal
facies of the Lower Guelph Member are well represented, but occurs at the Guelph railway cut Type Section where Facies 1 and Facies 2 are absent (Fig. 3.28). Here, the light
grey to cream-tan colored, massive to thickly-bedded skeletal-algal wackestone sharply
overlies (see description Section 3.5.1.3), weathering out from the outcrop face, the
brown, bituminous, Whitfieldella-brachiopod-rich, laminar-bedded dolostones of the
Reformatory Quarry Member (Eramosa Formation).

3.7.2 Upper Guelph Member
The Upper Guelph Member, predominantly a gastropod-megalodont-algal mudstone to
wackestone, can be subdivided into a number of facies that are more localized in their
character and distributions. The Guelph Dolime Quarry has the most accessible outcrops
of this upper member, ranging in thickness from 8 to 12 m (Fig. 3.26). The contact
between the Upper and Lower Guelph members is not sharp. The Lower Guelph Member
progressively becomes muddier upwards, with an obvious decrease in open marine,
megafaunal benthic components (stromatoporoids, tabulate corals, bryozoans,
brachiopods) and an upward increase in gastropods, ostracodes, megalodontid bivalves,
and solitary rugosans.

Gastropod-Megalodont-Algal Mudstone Facies (facies 5)
Only Facies 5 is represented at the Guelph Dolime Type Section (see description in
Section 3.5.2.2). Here, the bioturbated, pelletal mudstone displays the major organisms-algae with abundant high-spired and conical hat-shaped gastropods, and megalodonts.
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Brachiopods, laminar stromatoporoids, ostracods, and solitary favositid corals also are
present locally (Fig. 3.31). Bedding of this facies ranges from less than
10 cm thick to 2 m in thickness, forming a very massive, well-indurated and laminar
appearance in the weathered outcrops at the Type Sections and on the Bruce Peninsula.
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Figure 3.31: Upper Guelph Member, Guelph Formation, Guelph Dolime Quarry, City of
Guelph, Ontario. Gastropod-Megalodont-Algal Facies.
1: Light to medium tan, pelletal mudstone with megalodonts (Me), gastropods, and sparse
corals (Cr), Pycnostylus guelphenis. Gastropod forms include both high-spired (Hg) capshaped (Cg).
2: An uncommonly large brachiopod shell mold, Conchidium occidentalis. Scale bar is 5
cm.
3: High-spired gastropods, Coelocaulus longispira. Scale bar is 5 cm.

149

150

Chapter 4: Interpretation and Discussion of the Lockport
Group and Salina A-Unit
4.1 Introduction
This study is the first attempt to provide a regional perspective on the lithologic and
faunal variability and stratigraphic architecture of the Guelph Formation within the
Lockport Group of the Michigan and northwestern Appalachian basins. That such a study
is now possible largely reflects recent improvements in the geographic coverage of
subsurface data for the Lockport Group in Ontario through strategic projects by the OGS.
Of particular significance to the present investigation more than 80 drillcores acquired
from recent (2004-2011) drilling projects that span the entire Lockport Group, together
with the uppermost strata of the underlying Clinton Group and lower portion of the
overlying Salina Group. Much expanded from previous attempts with the addition of this
new subsurface data, the stratigraphic and geographic scope of the present study aims to
improve the observational framework on which the temporal and spatial relationships of
facies within the Guelph Formation (and contiguous units) may be deduced. This, in turn,
allows for the critical reassessment of previous interpretations of the depositional and
paleogeographic history of the Guelph Formation and the formulation of alternative
explanations in light of the new data.
This thesis forms part of a larger effort by the Ontario Geological Survey to map
Silurian bedrock aquifer systems in southern Ontario within a sequence stratigraphic
framework (Brintnell et al., 2009; Brunton, 2009; Brunton et al., 2010; Brunton and
Brintnell, 2011; Cramer et al., 2010). The main focus of this thesis is to describe the
facies and stratigraphic framework of the Guelph Formation through provision of
descriptions of type sections and comparison of facies variability in the Michigan and
northwestern Appalachian basins. It builds upon the pioneering regional subsurface study
of the Guelph Formation by Sanford (1969), and numerous local-scale investigations of
Guelph oil/gas pools in the Michigan Basin – the focus of which was local facies
variability, diagenetic aspects, karst features, production aspects, and/or some
combination of the above (e.g., Gill 1973, 1977a, 1977b; Cercone, 1984, 1988;
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Charbonneau 1990, 1991; Carter, 1991; Smith and Charbonneau, 1991; Carter et al.,
1994; Bailey, 1986, 2000 and Coniglio et al., 2003).
For purposes of the present investigation, the study region has been divided into
three geographic areas, each representing a group of sections of Lockport Group strata
that exhibit similar lithologic characteristics (e.g. primary sedimentary fabrics and
textures, mineralogy, etc.), faunal content, and post-depositional erosion/dissolution
features attributable to karst development (e.g. solution cavities, collapse breccias, etc.;
Fig. 3.1). The boundaries of the three areas roughly coincide with those defined in the
original paleogeographic designations of Sanford (1969; see Fig. 2.6). However, the
expanded set of criteria used to define the areas in the present study, together with the
addition of new subsurface data and recent revisions to the stratigraphic framework of the
Lockport units, reveal a depositional history and paleogeographic setting that markedly
differs from that of Sanford (1969) whose data were largely limited to cuttings and
geophysical logs.
Eight major facies have been delineated in the Guelph Formation. The facies that
record the most open-marine conditions and the least subaerial exposure occur in the
eastern portion of the Michigan Basin and the northwestern portion of the Appalachian
Basin. In contrast, other Guelph facies that record the most restricted marine conditions
and exhibit the greatest amount of dissolution from subaerial exposure (as indicated by
the penetration of karst features into the underlying Goat Island Formation) are limited to
the central part of the Michigan Basin. Also, where the Guelph Formation is present, it is
extensively karsted, with penetrative karst features extending up to 10 m downward into
the Goat Island Formation. These findings lead us to re-interpret the depositional history
of the Lockport Group succession and paleogeographic setting of the Upper Lockport
Group in the Michigan Basin.

4.2 Past limitations of Guelph Formation studies
Previous detailed stratigraphic studies of Lockport Group units, and most notably those
that focussed on the Guelph Formation (Fig. 4.1), have outlined the difficulties in
correlating facies on a local scale (e.g., Gill, 1973, 1977a; Bailey, 1986, 2000; and
Charbonneau, 1990, 1991). Symptomatic of these difficulties is the limited geographic
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Figure 4.1: Comparison of the subsurface stratigraphic relationships determined in the
present study with previous key studies that have attempted to differentiate the Guelph
Formation: Gill’s (1973; 1977a) study of the Belle River Mills (BRM) Reef in
southeastern Michigan; and Charbonneau’s (1900; 1991) study of six ‘pinnacle reefs’ in
southwestern Ontario. The same colour scheme is employed for equivalent units in all
examples depicted. The yellow portion highlights units showing evidence of karst (k)
and/or subaerial exposure within a portion of, or throughout, the entire rock unit. Double
black line represents surfaces of subaerial exposure and/or karst development recognized
between facies or members. Fm=Formation; Mbr=Member.
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and disciplinary scope of investigations of the Guelph Formation and the fact that there is
no detailed description and summary of facies in a Type Section that make up the Guelph
Formation. This is especially apparent in the relatively few recent M.Sc. and Ph.D theses
that have dealt with this stratigraphic interval. Nearly all of these have been local studies
that have tended to avoid the issues of regional variability in the lithologic characteristics
(and therefore regional depositional character) of the succession (Ritter, 2008; Wold,
2008); and/or have been constrained within a narrow discipline of study (i.e.
dolomitization history; Zheng, 1999).
Although geophysical well-logs and drill cores are the most widely used tools for
subsurface mapping, as has traditionally been the case for studies of the Lockport Group,
there are a few notable factors that impose limits on the scale resolution they can achieve
individually.
Well-logs are useful locally in Area 1 and Area 2, where lithologic contrast
between stratal units is typically high, but contrast is much less so in Area 3. Formational
well-log picks have the most confidence on a local scale in Area 1 and Area 2, but on a
regional scale confidence of picks is low, such that only the top of the Rochester
Formation and base of the A-1 Carbonate of the Salina can be chosen with complete
confidence. All of the above is primarily due to the fact that the entire Lockport Group
consists of clean carbonate packages stacked on top of each other with no interbedded
siliciclastic sediments throughout the entire study region. As such, whereas geophysical
well-logs may be well-suited for studying rock characteristics that are dominant in one
area (e.g. where carbonate and siliciclastic strata are interbedded), they may be of limited
use in areas where stacked carbonate grainstones to wackestones and reef mound intervals
can form on the farfield edges of forebulges that are not receiving significant shale pulses
to provide distinctive gamma-ray signatures. This paleogeographic/tectonic control on the
development of this epeiric sea carbonate factory enabled for the production of extremely
thick stacked crinoidal grainstone/reef mound transgressive-regressive (T-R) cyclic
packages. Recognition of this is significant and is reflective of arch uplift and periodic
isolation of the basin cutting off siliciclastic supply from the Appalachian Foreland Basin.
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In addressing the complexity of the so-called Silurian ‘pinnacle reefs’ in his final
publication, Bruce Bailey, one of Ontario’s most well-respected petroleum geologists
asserted that from an industry standpoint “no two pinnacle reef reservoirs have the same
producing characteristics, and coring is essential to understand both their geology and
production performance” (Bailey, 2000, p.21).
The main difficulty in understanding the temporal and spatial relationships
between units of the Lockport Group and overlying Salina Group, particularly in Area 1,
largely stems from a generally poor understanding of the outcrop-belt facies of the four
formations that comprise the Lockport Group by subsurface explorationists and the
effects of post-depositional factors, including fluid flow, chemical weathering and
erosion. As a general rule, individual units within the Lockport succession preserve
evidence indicating the effects of at least one (but more typically a combination) of: 1)
complete or partial dolomitization; 2) brecciation and karstification; 3) leaching (selective
dissolution) and reprecipitation (as indicated by vadose-zone cement fabrics); 4) severe
fossil recrystallization/dissolution poor macro- and micro-fossil preservation; and 5)
flushing by basinal brine and oil/gas fluids (as indicated by overprinting).
In the case of the Guelph Formation in Area 2, strata that escaped destruction
from karst-related dissolution preserve mudstones characterized by a chaotic pelletal
fabric, indicating high activity of bioturbators. The massive nature of muddy beds in the
Guelph Formation is due to the extensive mining of organics by the abundant gastropod
fauna and burrowing by soft-bodied organisms. The common blue-eye mottles to clotted
fabrics represent a significant amount of grazing by gastropods, highlighted by diagenetic
effects (F.R. Brunton, personal communication). Such features contribute to difficulties in
understanding the depositional history of the Guelph Formation.

4.3 Terminology and relation to Guelph strata
4.3.1 Karst
The term karst, as defined by Esteban and Klappa (1983), is used throughout the study.
Ancient or paleokarst features observed in the rock record have been recognized at the
microscopic, macroscopic, and stratigraphic scale. Surface and subsurface paleokarst
features are documented from the Lockport and Peebles dolomites of northwestern and
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southwestern Ohio, respectively (Kahle, 1988). The above rock units are individually
stratigraphically equivalent to the Lockport Group of this study in Ontario and Michigan
and most likely represent paleokarst features in Goat Island, Eramosa and Guelph
formations.
In Ontario, subaerial exposure and karst surfaces have been well documented by
Charbonneau (1990; 1991) and Smith (1984; 1990a; 1990b; 2002). The above features
are documented in strata from the Guelph and Lockport (=Niagara Falls Member of this
study) formations. In Area 1 of Ontario, the contact between the Niagara Falls Member
(Goat Island Formation) and Lower Guelph Member (Guelph Formation) is represented
locally by a karst surface. This contact was first identified in six of the so-called ‘pinnacle
reefs’ in Lambton County by Charbonneau (1990; 1991), who successfully mapped it as
far east as the Guelph-Cambridge area. Charbonneau (1990) demonstrated this exposure
surface, as well as other weathered contacts within the Guelph Formation, to be coated
with meteoric cements (via isotopic data and cathodoluminescence and epifluorescence
microscopy); indicating a depositional hiatus with associated dissolution and/or erosion
and/or re-precipitation of various cements. The present study has confirmed the existence
of these exposure surfaces, both in the cores originally studied by Charbonneau (1990)
and various others from the same area. Additionally, drill cores examined for the present
study have revealed comparable exposure surfaces throughout the equivalent Michigan
succession with brecciation extending into the underlying Niagara Falls Member (see Fig.
3.3) of the Goat Island Formation.

4.3.2 Reefs and mud mounds
Throughout the history of research on carbonate buildups, there have been semantic
debates on the meaning and appropriate usage of the term ‘reef’ in both modern marine
environments and ancient marine successions. Herein, this term is used in the sense of
Brunton et al. (1998), who defined a reef as any biologically-constructed, wave-resistant,
carbonate structure with topographic relief formed in a range of water depths, controlled
primarily by climate and tectonics. As such, reefs are here considered to constitute a
variety of carbonate build-ups, including mud mounds, and these various carbonate build157

ups have been re-classified by many: Dunham (1970); Heckel (1974); Wilson (1975);
James (1983); James and Bourque (1992); James and Wood (2010).
Ancient reefs are commonly classified by morphologic criteria. A reef is described
as a biostrome if it is tabular in form, but is considered a bioherm if it exhibits a domelike morphology with a lens-shaped profile (Flügel, 2004). More unusual in form are
conical or steep-sided reefs referred to as pinnacle reefs and isolated circular buildups
called patch reefs (Wilson, 1975). An important distinction to be noted here is that all of
the above terms refer principally to reefs built as skeletal frameworks.
Pinnacle reefs have long been claimed to be a prominent feature of the Silurian
succession of the Michigan Basin (Gill, 1973; 1977a; Mesolella et al. 1974; Sears and
Lucia, 1979). Bailey (2000), however, noted that these features are more appropriately
described as mud mounds rather than as skeletal reefs that the term ‘pinnacle reef’ would
appear to imply. Although still called ‘pinnacle reefs’ by industry personnel, there is a
general understanding that they are mud-dominated structures which, owing to diagenetic
factors, underwent porosity development that proved beneficial to the hosting of oil and
gas.

4.4 Interpretation and discussion of Guelph Formation facies
The facies descriptions and distribution of the Guelph Formation discussed in the
previous chapter are interpreted here. The stratigraphic characteristics of the underlying
Lockport Group rock units, not to be discussed in detail here, are addressed in Section 2.2
(after Brunton, 2009; and Brunton and Brintnell, 2011).
Sedimentation in any warm-water ‘carbonate factory’ is influenced by a variety of
factors, including climate, biological activity, water temperature, water depth, water
turbidity, and salinity (Jones, 2010). These factors and their variability are discussed in
the context of each facies below. This study uses the depositional regimes of a ramp
system, as outlined by Burchette and Wright (1992), for the purpose of interpreting
depositional environments represented of the Guelph Formation (Fig. 4.2).
The ramp system of Burchette and Wright (1992) is divided into three parts
according to relative proximity to paleoshorelines: inner ramp, mid-ramp and outer ramp.
The inner ramp is characterized by sedimentation above fair-weather wave base (FWWB)
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Figure 4.2: Environmental subdivisions across a carbonate ramp, referred to throughout
Chapter 4. The Guelph Formation was deposited in inner to mid-ramp environments.
Water depths in each subdivision are variable. FWWB=fair-weather wave base;
SWB=storm wave base; PC= pycnocline (modified from Burchette and Wright, 1992).
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and can include facies representing sabkha, lagoon, shoal/barrier and/or patch reef
sedimentary environments. Sedimentation on the mid-ramp takes place in the subtidal
zone below FWWB and above storm wave base (SWB), and is represented by storm
deposits (skeletal wackestones, packstones, and grainstones) that may display hummocky
and/or swaley cross stratification. Sedimentation on the outer ramp occurs at subtidal
water depths below SWB, where the potential for oxygen deficiency is high and
representative facies can include mixed carbonate/terrigenous mudrocks, turbidites, and
pelagic limestones/dolostones. Facies of the Guelph Formation and basal strata of the
Salina A-Unit and their representative environments are summarized in Table 4.1 and
represent largely inner to mid-ramp depositional regimes.
Regional mapping of the Lockport Group strata has highlighted the recognition
that facies within a given stratigraphic unit (i.e. Niagara Falls member of Goat Island
Formation) can vary depending upon the underlying geometry of the Gasport Formation –
these stacked, storm-dominated encrinitic shoals and reef mounds produced an irregular
marine seafloor for the subsequent transgressive crinoidal shoal complex of the overlying
Goat Island Formation (Niagara Falls Member) to be deposited (Brunton, 2009). Thus, it
is essential to consider both the sequence stratigraphic architecture, as well as the
potential paleo-topographic influence of underlying reef mound-bearing strata, on the
facies mosaic of each rock unit of the Lockport Group (see summary-Section 4.5).
Overall, the Lockport Group has a temporal trend in depositional conditions from
more open marine and higher energy conditions (in the basal Gasport and Goat Island
formations) to increasingly restricted marine and hypersaline conditions in the Guelph
Formation. The Guelph Formation displays small scale T-R cycles within a broad
shallowing trend. The above trend represents deposition in two distinct seaways separated
by a period of exposure most dramatically recorded in the northwestern portion of the
study region (Fig. A5, D-D’; Fig. A6, F-F’; Fig. A8, G-G’).

4.4.1 Facies 1: Stromatoporoid-Algal-Skeletal Packstone to Wackestone
Facies 1 is the most faunally-rich unit of the Guelph Formation and represents the
colonization of a new faunal regime (Walker and Alberstadt, 1975). The presence of
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Table 4.1: Facies and suggested environments of the Guelph Formation and basal Salina
A-Unit strata. MB= Michigan Basin; AB=northwestern portion of Appalachian Basin;
FWWB= Fair-weather wave base; SWB=Storm wave base. See text for detailed
discussion and Fig. 3.1 for Area divisions of the study region.
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Formation
/Member

Facies and *subaerial exposure features
Nodular anhydrite to massive halite

Inner ramp; Sabkha; supratidal zone; oxic environment;
highly saline waters; MB desiccated, inflow of marine
waters and/or groundwater; evaporation outpaces influx.

Thrombolitic mudstones to microbial-laminated
mudstone to stromatolitic boundstone
*karstic dissolution, desiccation cracks, rare
breccias and anhydrite towards the west MB
(Area 1); sparse gypsum seams and little karstic
dissolution in the northwestern portion of the AB
(Area 3)
Nodular anhydrite

Inner ramp; Sabkha; shallow subtidal zone (AB) to
supratidal zone (MB); anoxic environment; highly saline
waters; MB desiccated, inflow of marine waters and/or
groundwaters.

Salina Group

A-2
Evaporite

A-1
Carbonate

A-1
Evaporite

A-0
Carbonate

Suggested environment/depositional controls

Microlaminated dolomudstone to dolomicrite
*desiccation cracks and anhydrite seams
Facies 8:
Brecciated microbial laminites and/or mudstones
Facies 7:
Microbial-laminated mudstone

Inner ramp of desiccated MB; Sabkha; supratidal zone;
oxic environment; highly saline waters; MB desiccated,
inflow of marine waters and/or groundwaters;
evaporation outpaces influx.
Inner ramp of desiccated MB; Sabkha; supratidal zone;
highly saline waters; MB desiccated, inflow of marine
waters and/or groundwaters.
Inner ramp; Sabkha; intertidal to supratidal zone; highly
saline waters; periodic exposure and desiccation towards
the west MB and the northwestern portion of the AB.
Inner ramp; Sabkha; intertidal to supratidal zone; highly
saline waters; periodic exposure and desiccation towards
the west MB.

Upper Guelph Member

Inner ramp; lagoonal; low energy waters; nutrient
enrichment; hypersalinity; oxygen-restricted; periodic
exposure and desiccation towards the west MB with
inflow of groundwater from subaerial springs; near
exposure and intertidal deposition towards the east MB.

Facies 6:
Pisolitic-gastropod wackestone to mudstone
*karstic dissolution, breccias, sharp subaerial
exposure surfaces and crack fills towards the
west MB (Area 1); and oxidized exposure
surfaces towards the east MB (Area 2)
Facies 5:
Gastropod-megalodont-algal wackestone to
mudstone (Area 2 only)

Inner ramp; lagoonal; turbid waters; nutrient enrichment;
hypersalinity.

Facies 4: Gastropod-bryozoan-algal wackestone
to mudstone

Inner ramp; lagoonal; low energy waters; nutrient
enrichment and/or hypersalinity; oxygen-restricted;
periodic exposure towards the west MB and the
northwestern portion of the AB.

*Breccias, sharp subaerial exposure surfaces and
crack fills towards the west MB (Area 1) and the
northwestern portion of the AB (Area 3)
Facies 3: Skeletal-algal wackestone to mudstone

Lower Guelph Member

Guelph Formation

Lockport Group

*karstic dissolution and sharp subaerial exposure
surfaces towards the west MB (Area 1)

Inner ramp; shallow subtidal; open circulation; above
FWWB; periodic exposure towards the west MB.

*Breccias, sharp subaerial exposure surfaces and
crack fills towards the west MB (Area 1)
Inner to mid-ramp; shallow subtidal; protected or
stagnant waters; diversification of the organic
community; periodic exposure towards the west MB.

Facies 2:
Coral-stromatoporoid-skeletal floatstone
*Breccias, sharp subaerial exposure surfaces and
crack fills towards the west MB (Area 1)
Facies 1: Stromatoporoid-algal-skeletal
packstone to wackestone

Inner to mid-ramp; shallow subtidal; open circulation;
above to slightly below FWWB.
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low-diversity fauna of laminar and minor low-domical stromatoporoids with a muddy
substrate suggests that they grew in a shallow, turbulent environment (Wilson, 1975;
Kershaw and Brunton, 1999). The association of stromatoporoids with Solenopora (red
algae), sparse tabulate corals and bryozoans is a common theme throughout the Paleozoic
(Kershaw and Brunton, 1999). The absence of major reef mounds and the low-diversity
of stromatoporoids in the study area suggests that these stromatoporoids flourished in
shallow water on an open carbonate bank above FWWB (Kershaw and Brunton, 1999).
This stromatoporoid-algal-skeletal packstone to wackestone facies blankets the
majority of the study area and is interpreted as the stromatoporoid biostromal
transgressive basal unit of the Guelph Formation. The depositional setting of Late
Silurian stromatoporoid-microbial reefal and non-reefal facies has been proposed as the
inner to mid-shelf in 30 to 100 m water depth (Brunton and Dixon, 1994). The absence of
major reef mounds and the frequently broken and abraded stromatoporoids and corals in
the study area suggest higher-energy waters on the inner to mid-ramp. The equal
dominance of algae suggests shallower water depths where production is highest in the
carbonate factory, possibly less than 15 m, similar to the Florida shelf where codiacean
green algae have the highest production rates (Tucker and Wright, 1990). The presence of
stromatoporoids and scarcity of other open marine fauna suggests higher nutrient levels
existed (Eliuk, 1998). These higher nutrient concentrations would have stimulated
plankton growth, reducing water transparency and in turn inhibiting the growth of corals
and other open-marine fauna that are most sensitive to changes in nutrient supply (Tucker
and Wright, 1990).
The stromatoporoids and corals in Area 2, often in growth position and larger in
size, could represent more wave-resistant forms and/or may have resided in lower-energy,
deeper waters than Area 1. The bryozoan-algal mounds which are also limited to Area 2,
suggest the quieter deeper marine (subtidal) conditions allowing for mud-trapping and
small mound development. Lesser amounts of small Favosites and rugosans, scarce
pentamerid brachiopods, rare crinoid ossicles also contribute to the faunal diversity in the
community and suggest favourable conditions for growth of the most diverse community
during Guelph deposition. This diversity decreases in Area 1 where higher-energy
restricted occurred that were unfavourable conditions for biohermal development.
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Locally in Area 2, at DDH-7-09, Facies 1 is the thickest and interpreted as a
stromatoporoid-bearing bioherm comprising large, well-developed, low domical and
bulbous stromatoporoids in a muddy, possibly microbial, substrate. This locality would
have been above FWWB where these well-developed stromatoporoid forms could grow
and flourish, perhaps due to the introduction of favourable nutrients flowing into the
Michigan Basin over the Algonquin Arch.

4.4.2 Facies 2: Coral-Stromatoporoid-Skeletal Floatstone
The corals and stromatoporoids of Facies 2 occur within a pelletal mud matrix with minor
skeletal debris: broken bryozoans, scarce crinoid ossicles, and brachiopod shells. The
presence of these scattered skeletons in Area 1 has led previous workers to classify this
hydrocarbon-stained facies as an ‘organic reef’ facies. These fauna make up only 10-20%
of the rock. There may be localized intervals with more abundant stromatoporoids and/or
corals, but no real reef mounds occur within this facies. Associated faunal indicators of
Silurian reef mounds for other rock units of the Lockport Group, such as large crinoids
and larger mega-faunal components, are absent. Some researchers have suggested ‘small
internal coral mounds’ within ‘pinnacle reefs’ of Area 1 (Bailey, 1986; 2000), but none
were identified in this study.
Facies 2 in Area 1 has small stunted coral and stromatoporoids and displays in situ
breccias and crack-fills that suggest shallow water conditions with periodic exposure
and/or more penetrative post-depositional exposure and karstification. Charbonneau
(1990) identified additional exposure surfaces throughout the Guelph Formation in the
‘pinnacle reefs’, lined with the same meteoric cements as the Niagara Falls MemberLower Guelph Member contact (see section 4.3.1). This suggests either multiple exposure
events during deposition of the Guelph Formation, or extensive penetrative karstification
of the entire Lockport Group package, post-Guelph. Furthermore, Facies 2 is absent from
Area 1 in Michigan State where the underlying Niagara Falls Member has been subjected
to probably multiple phases of karst erosion (see section 4.1.1).
Facies 2 is similar in Area 2 and the northwestern portion of Area 3, where larger
and overturned stromatoporoids and corals together with the clean, thoroughly
bioturbated, pelletal mud-rich matrix (now recrystallized due to dolomitization) suggests
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shallow subtidal deposition with higher energy conditions. The shallowest region of the
ramp during deposition of Facies 2, however, most likely existed in Area 1, where fauna
are abraded and overturned and periodic subaerial exposure would be common.

4.4.3 Facies 3: Skeletal-Algal Wackestone to Mudstone
This Skeletal-Algal Wackestone to Mudstone Facies is recognized by Gill (1973),
Mesolella et al. (1974), Sears and Lucia (1979) and Charbonneau (1990). These authors
recognized the dominance of algae in what they referred to as a ‘reef-building phase’.
This abundance of algae is most likely responsible for sediment binding and represents
the dominant sedimentary fabric in the remaining facies of the Guelph Formation. This
coincides with the onset of abundant gastropods and the extensive burrowing of the
muddy facies that typifies much of the lagoonal facies in the Upper Guelph Member
(Facies 4-6).
The massive, finely crystalline pelletal mudstone with well-comminuted skeletal
debris suggests deposition in high energy waters on the inner ramp (Tucker and Wright,
1990; Tucker, 2003; Jones, 2010). The increasing abundance of algae and decline in
abundance of corals and stromatoporoids suggests a shallowing and/or more restricted
water column. Complete skeletons only occur in Area 2, where golf-ball sized Favosites
and laminar to low domical stromatoporoids are dispersed throughout Facies 3. This
suggests Area 2 is possibly slightly below FWWB in less turbulent deeper waters. In Area
2, where the Guelph Formation is the thickest, Facies 3 separates stromatoporoidbiostromal cycles of Facies 1 and highlights higher-frequency T-R cycles.
As the basal facies in Michigan, the brecciation and crack-fills of Facies 3 suggest
frequent, periodic exposure. Previous studies in Michigan suggest one, sometimes two
periods of subaerial exposure near the end of Guelph time (Gill, 1973; 1977a; Mesolella
et al., 1974; Huh et al., 1977). The present study found that, as brecciation and karst
features occur into the underlying Niagara Falls Member and throughout the Guelph
Formation, multiple episodes of exposure occurred during deposition of the Lockport
Group (see Fig. 3.3).
The local stromatactoid fabric observed in Michigan and the preceding facies in
Area 1 are common features in mud mounds. The cavities that are filled by tan marine
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cements suggest either: (i) winnowing of carbonate mud during initial burial (Wallace,
1987); or (ii) dewatering of carbonate mud (Heckel, 1972), and later marine waters
promoted cementation in the small cavities.

4.4.4 Facies 4: Gastropod-Bryozoan-Algal Wackestone to Mudstone
The lateral extent of the Upper Guelph Member (Facies 4-8) across the Michigan and
Appalachian basins suggests similar conditions existed throughout the study area. The
algal, bioturbated, pelletal mudstones found throughout the Upper Guelph Member are
characteristic of quiet-water lagoons (gastropod-bearing strata; Facies 4 and 5); and
sabkhas (Facies 6 to 8). Previous authors who have studied ‘pinnacle reefs’ in detail (e.g.,
Gill, 1973; Pearson, 1980; Charbonneau, 1990), interpreted an equivalent unit to Facies 4
as the ‘lagoonal facies’, but only at the top of the ‘reefs’. The present study shows this is
not the case, as Facies 4 occurs in the areas with thin Guelph strata (< 10 m) or what the
above authors called the ‘inter-reef’.
The algal and gastropod association in Facies 4 is a recurring theme seen widely
in Canadian carbonates from the Silurian to pre-Cretaceous age (Eliuk, 1998); and the
association is commonly accompanied by megalodonts (see Section 4.4.5). The
dominance of algae suggests deposition in shallow marine waters with high algal
productivity. Gastropods with rare stromatoporoids and corals suggest nutrient-rich
waters and/or slightly elevated salinities; such conditions are inimical to the majority of
framebuilders and favourable to selected soft-substrate fauna (Eliuk, 1998). Gastropods,
that lived partially buried in the mud (Levin, 1999), are responsible for the massive nature
of Facies 4 and blue-eye mottles and clotted fabrics. Bryozoans, most common in Area 2
and concentrated in intervals as cycles, suggest periodic inflow of fresh marine waters in
the deeper eastern portion of the Michigan Basin. Sparse megalodonts found in the
uppermost beds of Facies 4 in the eastern Michigan Basin indicate worsening marine
conditions (see Section 4.4.5).
Common vugs and molds, some with the imprint of a gastropod or megalodont
shell indicate dissolution of aragonitic shells in the phreatic environment. Molds and vugs
throughout Facies 4 and overlying facies are also discussed by Kahle (1988) in the
uppermost Lockport/Peebles dolomites, equivalent to the Eramosa and/or Guelph
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formations. Kahle (1988) deems the common molds and vugs as subsurface paleokarst
features commonly occurring next to enlarged joints, collapsed zones, and surrounding
caves. Some vugs and molds could be enhanced this way, but the presence of molds and
vugs throughout Area 2 (where paleokarst features are absent) suggests that karst is not
the primary mode of formation of vugs.
The brecciation and karst features of Facies 4 are pervasive throughout Area 1,
suggesting extensive subaerial exposure. These features have also been identified by
others (Charbonneau, 1990; 1991; Carter et al., 1994; Bailey, 2000). The common
recrystallization of breccia clasts and/or matrix throughout Facies 4, that has removed
primary depositional fabrics, is a diagenetic effect post-dating brecciation and exposure.
This facies is absent from Michigan where Facies 6, lacking even soft-substrate
organisms (gastropods), was deposited in a more restricted environment.
Brecciated zones in the uppermost portions of Facies 4 also occur in Area 3 and
suggest post-depositional subaerial exposure in the Appalachian Basin. The common
green shale seams in Area 3 are similar to those described by Brett et al. (1995) in
western New York; these authors also compared beds with intraclasts equivalent to the
brecciated zones interpreted here. The dark green shale seams and green mud
incorporated into the uppermost brecciated zones were considered to be of the same
lithology as the overlying Vernon Shale, of the basal Salina Group (Brett et al., 1995). In
the lateral equivalent unit to Facies 4, Brett et al. (1995) described the uppermost beds as
oolitic dolomite interlaminated with contorted stromatolitic laminae and black shale
seams indicating slightly higher energy oolite shoals or tidal bars. Oolites were not
observed in cores of Area 3, but the gastropod-bearing, bioturbated, pelletal
dolomudstone of Facies 4 suggests deposition in low-energy, nutrient-rich and saline
lagoonal waters.

4.4.5 Facies 5: Gastropod-Megalodont-Algal Wackestone to Mudstone
Occurring locally in Area 2, the origin of Facies 5 is similar to that of Facies 4. The main
distinction between the above is that megalodonts are present in Facies 5; this may
indicate one of two stresses and a more restricted water column. Megalodonts first
appeared in the Early Silurian and are interpreted to have lived in muddy substrates in
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lagoonal environments, often associated with reef mounds (de Freitas et al., 1993; Eliuk,
1998). In Facies 5, the larger megalodont shell size (5-10 cm) and shell thickness of
Megalomus and even the rare Trimerella brachiopods (Fig. 3.21), suggests that higher
salinities and restricted conditions existed (Williams, 1919). However, the larger shell
size of megalodonts could easily be attributed to internal photosymbiotic algae that first
evolved in the Early Silurian, or even nutrient-enrichment (Eliuk, 1998). Like most early
species, one would expect that these megalodont forms were adapted to specific
conditions which may explain their localized appearance within the Guelph Formation;
they may have favoured the deeper, more nutrient-rich waters towards the east (Area 2).
The co-occurrence of megalodonts, gastropods and algae, seen in Facies 5, is also
documented in Devonian carbonates of western Canada (Eliuk, 1998); where near-back
reef to lagoon depositional environments subjected to salinity-stress and/or nutrientpoisoning are suggested. Like observed in Facies 5, megalodonts rarely occur with
stromatoporoids which can be best explained by nutrient-enrichment, high salinities
and/or turbid waters (Eliuk, 1998).

4.4.6 Facies 6: Pisolitic-Gastropod Wackestone to Mudstone
The presence of gastropods and massive to clotted pelletal textures in Facies 6 indicates
burrowing, preventing the extensive development of microbial mats (Garrett, 1970). The
decline in abundance of gastropod shells from Facies 4 and/or 5 and occasional poorly
developed bed of microbial laminations and the presence of ostracods suggests elevated
salinities and/or nutrient levels (Garrett, 1970; Eliuk, 1998). Rare solitary rugosans and
brachiopods, most common in Area 2, are of small forms (like those of Facies 4 and 5)
and suggest less restricted conditions towards the east.
The pisoliths of Facies 6 have been identified as concretionary-vadose pisoliths
infilling subaerially-formed cracks (Gill, 1973, 1977a). Kendall (1989) suggests pisolitic
and laminar carbonates adjacent to carbonate buildups are formed in pre-evaporitic basins
with inflow from subaerial springs carrying calcium-rich ground waters. However, these
pisolites are found throughout the study area, not just next to carbonate highs.
Pisoliths are recognized from the intertidal and supratidal zone of Holocene
sabkhas on the Trucial Coast of the Persian Gulf (Loreau and Purser, 1973). Here,
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pisoliths form in pelletal sands and exhibit a similar size and shape to those of Facies 6:
less than 1mm up to 5 mm in size and spherical to elongate shapes. The Trucial Coast
pisoliths formed in hypersaline waters (~ 40-50 % salinity) of 2 to 5 m water depth, a
similar depositional environment is suggested for Facies 6.
In Area 1, brecciation and karst crack fills also occur throughout Facies 6 and are
associated with interpreted vadose pisoliths and caliche horizons suggesting periodic
subaerial exposure. These vadose pisoliths and caliche fabrics are dominant in Michigan
cores suggesting that the shallowest water depths prevailed towards the inferred centre
and western edge of the Michigan Basin.
In Area 2, the cycles of gastropod-algal mudstones to either a red-orange stained
surface capped by pisolitic layers (see Fig. 3.18); or to pisolitic layers that are capped by a
leached red-orange surface represent periodic exposure in a shallow lagoon (Tucker and
Wright, 1990). These red-orange surfaces are due to oxidation via subaerial exposure and
are a common paleokarst feature (Wilson, 1975). Kahle (1988) documents similar
surfaces in the uppermost beds of Lockport Dolomite paleokarst from western Ohio and
suggests that the water table was periodically locally and perhaps regionally 31 m below
these surfaces.
It is important to note that Facies 6 is the first evidence of periodic exposure
across the Michigan Basin with the most penetrative weathering (i.e., karst surfaces and
cavity fills extend most deeply into Lockport Group strata) occurring towards the west
where the rocks were periodically exposed resulting in formation of breccia fabrics and a
variety of cracks and joints (Area 1).
Gill (1973; 1977a) interpreted the first period of subaerial exposure to occur
during deposition of Facies 6 and suggested that only the upper two-thirds of the Guelph
Formation were exposed and waves pounded on the ‘reef’ structure resulting in the
karstic features. The majority of researchers and industry explorationists who have
worked in the Michigan Basin follow Gill’s (1973) model. However, Charbonneau (1990;
1991) demonstrated that multiple subaerial exposure surfaces exist throughout the
Lockport Group in the Ontario ‘pinnacle reefs’ (as discussed above). The penetrative
karst, brecciation and exposure surfaces in the Niagara Falls Member of the Goat Island
169

Formation and throughout the Guelph Formation, as discussed above, suggest multiple
episodes of exposure.

4.4.7 Facies 7: Microbial-laminated Mudstone
Facies 7 comprises microbialites (sensu Burne and Moore, 1987), that are microbial
build-ups of both stromatolites and thrombolites. The microbialites of Facies 7 are often
crinkled with fenestral porosity, highlighted by leaching, both of which suggest
desiccation and subaerial exposure. The planar to convoluted stromatolitic laminites
locally have desiccation cracks and ghosts of anhydrite laths that suggest deposition in a
restricted marine, evaporitic sabkha-like environment (Wilson, 1975).
The extensive development of microbialites and absence of gastropod grazers in
Facies 7 suggests hypersalinity. Some microbialites of Facies 7 are comparable to those
described from the stromatolites in Shark’s Bay, Australia (Garrett, 1970) and the algal
belt of the inner lagoon in Abu Dhabi (Kenig et al., 1989); the latter suggests Facies 7 to
have formed in 1 to 2 m water depth with salinities as high as 70 %.
Facies 7 is not brecciated like the underlying strata, suggesting shallow marine
conditions prevailed and at least partial subaerial emergence of the microbialites. Small
sea-level fluctuations would have accommodated growth of mat layers and could be a byproduct of slow subsidence and/or marine transgressions.
In the northwestern portion of Area 1, more restricted supratidal conditions
prevailed. The gypsiferous dolomudstones with caliche horizons, evaporite laths and
pustular microbial caps of Facies 7 are similar to the aragonite and dolomite-gypsum mud
of the lower surpratidal zone formed in less than 1 m of water in the sabkhas of Abu
Dhabi (Purser and Evans, 1973; Purser and Seibold, 1973).

4.4.8 Facies 8: Brecciated Microbial Laminite and/or Mudstone
The brecciated microbial laminites in Area 1 are a correlatable facies at localities with the
thickest amount of Guelph strata preserved and are interpreted to mark the end of the
Guelph seaway. Facies 8 is similar to that of beach rock described by Shinn (2009) from
the northwest side of Bimini, Bahamas and the northeastern coast of Qatar in the Persian
Gulf. Although the beach rock is well-developed and better preserved at the above
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localities, forming ‘road-like’ features (parallel rows of large oblong limestone blocks;
see Shinn, 2009), all beach rock develops as a result of similar processes. The above
suggest Facies 8 would have formed from intertidal cementation events: as seawaters
circulated through the rock with tidal fluctuations, several wetting and drying cycles via
evaporation forced the rock to break and also facilitated cementation. Intraclasts of Facies
8 are angled, stacked, and, in places, imbricated suggesting slight movement by waves
and/or tides and periodic storms.
Locally, large brecciated hemispherical stromatolites suggest that higher energy
conditions prevailed prior to beachrock formation. Anhydrite laths and the absence of
other marine fauna support elevated salinities and suggest periodic subaerial exposure on
an intertidal sabkha flat which would have facilitated beachrock formation.
At localities with the thinnest Guelph strata, Facies 8 is absent and the Guelph
Formation ends with brecciated and karsted Facies 4 (see Section 4.2.4). Gill (1973;
1977a) suggests that storms transported substantial numbers of pebbles into ‘inter-reef’
areas, deposited above the weathered ‘reef rubble’ that underlies the A-0 Carbonate.
However, Facies 8 was not found in cores where Guelph strata were thin; the core from
which Gill (1973; 1977a) made this conclusion is on the slope of the carbonate buildup
where the A-0 is absent and he inferred that Facies 8 blanketed the reef rubble. If
distributed by storms or higher energy conditions, as Gill suggested, one would expect to
find the brecciated microbial laminites throughout the study area, not only localized to the
topographic highs. Given the penetrative karst and brecciation textures throughout Area
1, removal of beachrock and earlier units by karstic dissolution or weathering is a likely
explanation.
The commonly leached contact and local karst conduits at the top of Facies 8 in
Area 1 (Rosedale-1; Ram-5), suggests a major unconformity between the Guelph
Formation and the Salina A-Unit. The matrix of Facies 8 is leached with carbonate crusts
and calcite cement rinds suggesting subaerial exposure and movement of brackish waters
through the rock (Pearson, 1980; Tucker and Wright, 1990). Gill (1973) interprets these
fabrics to have developed during deposition of the Guelph Formation; and interprets the
overlying strata as Guelph, disregarding the change in character from Facies 8 (BRM
Stomatolite Member) to the A-1 Carbonate. Re-examination of the key core described by
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Gill (1973), Beier et al.-1 (see Fig. 3.3), suggests this is not the case. Given the sharp top
contact of Facies 8 that is correlatable to karst conduits elsewhere in Ontario and the
change in characteristic to the Salina laminites above, a major time break is inferred.
Similarly, in Area 3 the brecciated mudstones represent a major unconformity at
the end of Guelph time. These brecciated mudstones are documented at similar localities
by Charbonneau (1990; 1991) and Carter et al. (1994). The black brecciated surface with
green mudstone crack fills provides a very sharp, disconformable contact. Similar green
siltstone to mudstone is found locally in the karstic conduits of Area 1. Locally, the
orange-brown hardgrounds, caliche horizons, and chicken wire texture suggests supratidal
conditions and probably multiple periods of subaerial exposure.
The vestiges of and distribution of green shales, which appear to have formed
towards the end of Guelph time and pre-Salina deposition, is not random. This theme of
green shales below and/or spatially associated with bituminous laminites has been
documented in younger Devonian so-called pinnacle reefs as well. Chow et al. (1995)
document such shales in north-central Alberta, lower Keg River Platform. Eliuk (1998)
suggested that the clay minerals in these green shales provide nutrients to the marine
environment that stimulate algal blooms. The uniform laminites of the A-1 Carbonate in
the Appalachian Basin possibly formed in this way, while the Michigan Basin underwent
marine transgressions and the similar bituminous laminites of the upper A-1 Carbonate in
the Michigan Basin may have also formed by this process. Some of these greenish and
reddish sediments were observed in cores from the northern Bruce Peninsula and at
Luther Lakes, and may also be some form of karst soil or diagenetic residual sediment.
Brett et al. (1995) described a similar lithology from western New York, referred
to as Unit C which represents the transition zone between the Guelph and overlying
Vernon Shale of the Salina. Brett et al. (1995) document remnants of evaporite crystals
providing further evidence of restricted marine intertidal conditions – or non-marine and
possibly a soil. Sedimentary fabrics suggest that at least two major time breaks occurred
in Area 3: (i) at the top of the brecciated blackened exposure surface situated below the
green laminated dolomudstone; and (ii) at the top of the green dolomudstone and
immediately below the onset of algal mat deposition (A-1 Carbonate). Brett et al. (1995)
chooses the Guelph-Vernon contact at the base of the laminated greenish-grey clay. The
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present study chooses the disconformable Guelph-Salina contact for Area 3 at the top of
the of the green shale interval, before the sharp lithologic change to the A-1 Carbonate.
This choice was made because the same green shale occurs in stylolites of underlying
Guelph strata and fills conduits in Area 1 suggesting late Guelph time rather than during
early deposition of the Salina Group.

4.5 Summary: Depositional history of the Lockport Group in the Michigan Basin,
pre-Salina
Strata of the Lockport Group represents several shallowing-upward T-R carbonate cycles
that reflect an overall change to more restricted marine and karstic phases (Figs. 4.3-4.8;
Brunton, 2009; Brunton and Brintnell, 2011).
The Gasport Formation (basal Lockport Group) consists of crinoidal-dominated,
clean (siliciclastic poor) wackestone through rudstone facies interbedded with stacked
crinoidal-microbial coral-dominated reef mounds that flourished on the farfield side of
the Algonquin Arch (Fig. 4.4A; Area 2) and produced smaller mounds (6-11 m) in the
northwestern Appalachian Foreland Basin (Alleghany sub-Basin; Area 3) of Western
New York and Lake Erie (Brett et al., 1995; Brunton, 2008; 2009). The Gasport
Formation disconformably overlies the Decew, Glenmark and/or Rochester formations
depending upon the paleogeographic location of the core or outcrop and proximity to the
moving forebulge zone commonly referred to as the Algonquin Arch. The end of the
muddy, siliciclastic-dominated, subtropical storm-influenced Rochester Sea allowed for
the development of an extensive clean carbonate Lockport Group succession. A cessation
of influx of terrigenous siliciclastic clay-silt dominated sediments into the westernmost
Appalachian and Michigan basins marks the end of Clinton Group deposition and the
onset of extensive erosion and development of regional disconformities associated with
regional-scale earthquakes and forebulge development. The subsequent transgressions are
represented by the presence of basal Gasport Formation facies comprising thinly- to
thickly-bedded crinoid-dominated wackestones to rudstones that display repeated
evidence of storm deposition and higher energy conditions during an initial overall rise in
sea level followed by reef mound and short-lived exposure surfaces as recorded by the
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presence of stacked crinoidal-microbial reef mounds upwards of 30 to 80 m thick
(Brunton, 2008; 2009).
The overlying Goat Island Formation (Fig 4.4B) comprises the second major T-R
cyclic package of mixed carbonates in the Lockport Group. Deposition took place on a
highly irregular sea-floor of early lithified Gasport encrinite shoals and reef mounds. This
irregular sea floor topography is responsible for the complex facies mosaics encountered
on the farfield side of the Algonquin Arch or forebulge region separating the Appalachian
and Michigan basins (Brunton, 2009; Brunton and Brintnell, 2011). In general, the lower
Niagara Falls Member of the Goat Island Formation comprises crinoidal-bryozoan reef
mounds that grew on Gasport topographic highs (Area 3) or are found onlapping the
upper parts of composite Gasport reef mounds in the eastern portion of the Michigan
Basin (Area 2). Although the Goat Island seaway was still largely open-marine during the
early transgressive phases of the depositional system, more nutrient-rich waters and
increased influxes of terrigenous clays resulted in muddier and more nutrient-rich facies
characterized by nodular bedding, siliceous sponge dominated faunas, bioturbation by
soft bodied organisms, low diversity faunas and general lack of corals and
stromatoporoids, and other shells in the Ancaster Member.
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Figure 4.3: Legend (A) and map (B) for depositional models.
(A) Legend for stratigraphic units and boundaries graphically depicted in the series of
depositional models (in Figs. 4.4-4.8) proposed herein for important stages of
development recorded in the studied succession (Lockport Group and Salina A-Unit).
(B) Map showing locations of core and outcrop sections used in this study and the E-W
transect (indicated by thin black line) across the Michigan Basin on which the
depositional models depicted in Figs. 4.4-4.8 are primarily based.
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Figure 4.4: Depositional model for the (A) Gasport and (B) Goat Island formations.
Refer to legend and location map in Fig. 4.3.
(A) Gasport Formation. This formation records deposition in an overall marine
transgression. Prevailing conditions were characterized by open-marine, clean
waters that favoured the colonization of vast areas of a seafloor ramp by crinoids
and led to the blanketing of the seafloor by large quantities of their disarticulated
remains. Further accumulation of these skeletal remains, punctuated by repeated
events of reworking and erosion by storms led to the sequential stacking of
crinoidal-microbial coral-dominated reef mounds to the east of the Algonquin
Arch. The carbonate buildups of the Gasport reef mounds and crinoidal shoals
created an irregular topographic seafloor.

(B) Goat Island Formation. This stratigraphic interval records a relative sea-level
fall and a consequent change in marine conditions wherein waters became
muddier and more nutrient-rich with an increased influx of fine-grained
terrigenous detritus (mostly clay). Smaller-scale transgressive-regressive cycles in
this shallow subtidal zone allowed for the development and growth of crinoidalbryozoan reef mounds (observed in the Niagara Falls Member), on top of and/or
adjacent to composite Gasport reef mounds. Skeletal deposits of smaller, stunted
forms of faunal elements similar to those of these reef mounds, together with
laminar stromatoporoids, blanketed the west portion of the basin. The remaining
area of the ramp was dominated by the algal and siliceous sponge fauna of the
Ancaster Member, the carbonate strata of which are observed to intercalate with
those of Niagara Falls member. Furthest to the west, shallow intertidal conditions
persisted, as recorded by horizons preserving mud cracks and caliche features. A
final relative sea-level fall resulted in a period of subaerial exposure that definitely
took place pre-Guelph deposition, but either: (i) post-Goat Island deposition (ii)
during deposition of the Eramosa Formation, or (iii) post-Eramosa deposition (see
Fig. 4.7A).
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Figure 4.5: Depositional model for the (A) Eramosa Formation and the (B) Lower
Guelph Member, Guelph Formation. Refer to legend and map in Fig. 4.3.
(A) Eramosa Formation. This interval records a regression that led to shallowersubtidal conditions in the east. Renewal of tectonic activity resulted in the
dispersal of terrigenous mud into the Michigan Basin, leading to the deposition of
argillaceous carbonates of the Vinemount Member. Later reduction of terrigenous
influx of and re-establishment of clear-water conditions allowed for the formation
of microbial-bryozoan-sponge mounds and favositid-stromatoporoid-bryozoan
biostromes on a storm dominated seafloor that was occasionally disturbed by
earthquake tremors (as recorded by a seismite in this unit). A second major
relative fall in sea-level brought more restricted, lagoon-like conditions that were
unfavourable to most benthic invertebrates, with the notable exception of
ostracods (as observed in the ostracod-dominated mudstone, the Stone Road
Member).
The second sea-level fall resulted in subaerial exposure and a
disconformity recorded at the end of Goat Island time, but pre-Guelph (see Fig.
4.4B). Given the presence if this dsiconformity and the absence of the Eramosa
Formation from the western portion of the basin, the Eramosa carbonates could
have accumulated in a depocentre only in the eastern Michigan Basin; or could
have been deposited regionally and removed during subaerial exposure and
karsting towards the west.

(B) Lower Guelph Member, Guelph Formation. The initial incursion of the Guelph
Sea into the study region began with an initial transgression creating turbid
shallow-marine conditions in the basin. The sea at this time was characterized by
a low-diversity biota dominated by algae and stromatoporoids that together
facilitated the trapping and binding of muddy sediment. The growth of associated
fauna tended to be stunted, owing to the stresses imposed by the hypersaline and
eutrophic conditions. Small-scale cyclic transgressive pulses facilitated the
development of stromatoporoid-microbial mounds. Periodic subaerial exposure
occurred in the western part of the basin.
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Figure 4.6: Depositional model for the (A) Upper Guelph Member, Guelph Formation
and (B) post-Guelph deposition. Refer to legend and map in Fig. 4.3.
(A) Upper Guelph Member, Guelph Formation. The Guelph Sea gradually
regressed and hypersaline (~40-50 % salinity), oxygen-restricted, lagoonal
conditions developed across the ramp. Gastropods, algae and soft-bodied
organisms dominated the muddy, saline waters. As Guelph sea-level continued
to fall, a coastal sabkha flat developed with lagoonal conditions remaining
furthest to the east. At this time, the ramp was blanketed by microbialites in
highly saline waters (up to 70% salinity). Subaerial exposure events in the
western part of the basin led to: (i) surface karst development and brecciation of
lithified sediment; (ii) the formation of vadose pisolites via inflow of calcium rich
groundwaters; and (iii) beachrock formation via wetting and drying of exposed
rock. The most restricted conditions persisted in the westernmost, part of the
basin where brine intermittently precipitated gypsum producing a gypsiferous
mud. Meanwhile, in the east, surface sediments were periodically bleached and
oxidized.

(B) Post-Guelph deposition. Representing subaerial exposure, the onset of Salina
Group deposition accompanied the drying out of the western part of the basin,
although shallow waters may have persisted in the east where penetrative karst is
absent, but so is the uppermost Guelph Formation. Guelph rocks were chemically
weathered and dissolved extensively as a consequence of surface exposure in a
warm-wet climate and associated groundwater flow. This karsting led to the
formation of a paleokarst basin creating residual columns of weathered carbonate.
These karst towers may have attained heights approaching 150 m (see Section
3.4). The Guelph paleokarst basin is envisaged to have closely resembled the
karst terrain of the modern day Li River in Guangxi Zhuang Autonomous Region,
China. This irregular karst surface manifests a second disconformity.

180

181

The comminuted crinoidal- and bryozoan-dominated Niagara Falls Member that formed
incipient mounds in the Goat Island seaway, possesses overturned small laminar
stromatoporoids would have been deposited on the mid-ramp likely with restricted water
circulation (Brunton et al., 1998). In the western and central portions of the Michigan
Basin, these crinoidal-microbial-bryozoan mounds developed extensively on the
carbonate ramp (Area 1). Here, fauna were smaller and more stunted than seen in the
basal mounds towards the east (Area 2), suggesting shallower water conditions towards
the west.
Additionally, in the inferred central and western portions of the Michigan Basin,
the surface karst and penetrative brecciation of the Niagara Falls Member suggest a sealevel fall and subaerial exposure. Karst and brecciation features are more prevalent in
Michigan than Ontario; these features were not found in the Niagara Falls Member of the
Appalachian Basin. This sea-level fall occurred pre-Guelph, but either: (i) post-Goat
Island deposition (ii) during deposition of the Eramosa Formation, or (iii) post-Eramosa
deposition. Given the current lack of detailed biostratigraphic information makes a
number of the above possible (Fig 4.7 A; B).
The overlying Eramosa Formation represents a drastic change from the previous
more open-marine conditions of the underlying Goat Island and Gasport Formations (Fig
4.5A). The basal Vinemount Member records a renewal of tectonic activity as terrigenous
clay- and silt-bearing dolostones were deposited in the deeper subtidal environments
around the karsted and irregular seafloor surfaces of the Gasport and Goat Island
formations. The Vinemount facies is restricted to the eastern regions of the Michigan
Basin and northwest part of the Appalachian Basin (Brett et al., 1995; Brunton, 2008;
2009). The middle Reformatory Quarry member comprises thinly to medium-bedded,
cleaner (less siliciclastic-rich) dolostones deposited in paleo-low areas on the karsted
Gasport and Goat Island sea floor and is the most extensive lithologic unit of the Eramosa
Formation. The lower part of this member possesses low-diversity cladoporid-dominated
coral beds, small golf-ball sized favositid corals and few stromatoporoids and wellcomminuted skeletal debris extending throughout the eastern portion of the Michigan
(Area 2) and Appalachian basins (Area 3). Locally developed microbial-bryozoan-sponge
mounds and favositid-stromatoporoid-bryozoan biostromes are present in the eastern
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Figure 4.7: Depositional scenarios to explain the disconformity between the Goat Island
and Guelph formations seen in southwestern Ontario and southeastern Michigan of the
Michigan Basin. These scenarios are based on stratal relationships observed in the
Lockport Group of the outcrop/subcrop belt.
(A) Pre-Guelph deposition. The Eramosa Formation may have been deposited on the
irregular Gasport and Goat Island seafloor, onlapping onto mounds and possibly
only in paleo-lows (Scenerio 1; see Fig. 3.27); similarly, the Ancaster Member,
Goat Island Formation may have been deposited on Niagara Falls Member
mounds (Scenerio 2; seen in core hole data from both the outcrop/subcrop belt and
Lake Erie); the Niagara Falls Member could have been much thicker, blanketing
the sea-floor as Eramosa was deposited in a depocentre towards the east, closer to
the foredeep of the Appalachian Basin (Scenario 3); Both the Ancaster Member
and members of the Eramosa Formation may have been deposited on the irregular
seafloor, reflecting the ‘layer-cake’ stratigraphic package.

(B) Syn-Guelph deposition. A relative sea-level fall resulted in a period of subaerial
exposure that took place prior to Guelph deposition, but either: (i) post-Goat
Island deposition (ii) during deposition of the Eramosa Formation, or (iii) postEramosa deposition. This sea-level fall left a karsted and irregular sea floor that
subsequently became submerged with an initial transgression of the Guelph Sea.
Periodic subaerial exposure occurred in the inferred central part of the Michigan
Basin, as indicated by crack-fill features and brecciation. The irregular topography
of the Gasport and Goat Island seafloor that resulted from the growth of carbonate
mounds resulted in the deposition of variable facies across the ramp.

(C) Post-Guelph, syn-Salina deposition. The proposed architecture and stratigraphic
relationships of a karst tower. The karst tower is a carbonate and silt-dominated
3D structure that comprises the Gasport, Goat Island, and Guelph formations,
showing a temporal trend in depositional conditions from more open marine and
higher energy conditions (in the basal Gasport and Goat Island formations) to
increasingly restricted marine and hypersaline conditions in the Guelph
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Formation. The stratigraphic make-up of karst towers display small scale T-R
cycles within an overall shallowing theme. The Guelph carbonates comprise two
members that exhibit the most restricted marine conditions and paleokarst
exposure. The Lower Guelph Member (LGM) is consistently richer in skeletal
content and has higher megafaunal diversity and possesses reef mounds in the
eastern region of the Michigan Basin, but no reefal phases in south-central region
(SW Ontario and Michigan). The Upper Guelph Member (UGM) is lower in
skeletal content and mud-dominated and comprises metre-scale shallowing
upward cycles dominated by gastropods and megalodontid bivalves. Subaerial
exposure features and paleokarst horizons occur regionally in the Upper Guelph
Member and in the uppermost strata of the Niagara Falls Member of the Goat
Island Formation; the tops of both are marked by two disconformities. Following
post-Lockport karstification and erosion came the development of a regionally
extensive Salina Group sabkha and the deposition of salt pan deposits.
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regions of the Michigan Basin along with interbedded SCS and HCS bedforms. A very
distinctive interval of a seismite bed (earthquake bed that is best developed in biostromal
intervals of the middle Reformatory Quarry Member) that has been mapped for more than
1000 km (northern Bruce Peninsula through to New York State and Ohio) proves that
short-lived but intense earthquakes disturbed seafloor sediments over regional scale (C. E.
Brett and F. R. Brunton, personal communication). The Reformatory Quarry member
facies display sabkha metre-scale cycles at the type section of the Guelph Formation at
Guelph Dolime Quarry. The uppermost member of the Eramosa Formation, the Stone
Road Member, is not preserved on a regional basis and possesses an ostracod-dominated
fauna with no large benthic invertebrates supporting the continuation of regional
shallowing and restricted marine conditions prior to the onset of Guelph Formation
sedimentation.
The Guelph Sea is the most restricted and faunally impoverished of all the
Lockport Group facies examined in this study. It was algae-dominated and gradually
became more faunally-restricted throughout time. Deposition in the Guelph Sea began
with a transgression, as stromatoporoids and corals colonized the shallow waters that
flooded the Michigan and Appalachian basins (Fig. 4.5B; Lower Guelph Member). Like
the Goat Island Formation, smaller and stunted fauna were found in the inferred western
and central portions of the Michigan Basin with the open-marine healthy fauna towards
the east. Several T-R cycles throughout Guelph time resulted in deposition followed by
exposure of the semi-lithified to lithified sediment towards the west (Area 1). The
irregular topography of the Gasport and Goat Island sea-floor produced by the growth of
carbonate buildups created the deposition of variable facies across the ramp.
As the Guelph Sea regressed, restricted lagoonal conditions developed, such that
only fauna able to withstand the hypersaline lagoonal environment survived (Fig 4.6A;
Upper Guelph Member, Facies 4 to Facies 6). This muddy ramp had abundant gastropods
and algae; lesser amounts of megalodonts, ostracods, brachiopods, bryozoans; and rare
amounts of small rugose corals and laminar stromatoporoids. Eventually, the saline,
oxygen-poor waters of the Guelph Sea resulted in the rapid decline of the above fauna.
Ostracods and rare gastropods with the occasional development of poorly structured
microbial mat was all that could survive in these highly saline waters.
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As the water column became more restricted and the upward shallowing theme
continued a coastal sabkha flat developed where shallow subtidal to supratidal conditions
facilitated the development of microbialites towards the west. In some areas, the saline
waters promoted the development of evaporites (northwestern Michigan). Subaerial
exposure associated with smaller T-R cycles resulted in the formation of beachrock
towards the west (Area 1) and the bleaching and oxidation of the sediments towards the
east (Area 2); both occur in the uppermost strata of the Upper Guelph Member and
suggest complete desiccation of the Michigan Basin.
A final sea-level fall resulted in subaerial exposure, where towards the west the
Guelph carbonates were exposed for at least a few million years resulting in dissolution
karsting (Fig. 4.6B). Penetrative karst features in the Guelph Formation and underlying
Lockport strata do not occur towards the east (Area 2), like in the west (Area 1); the most
simple way to explain this differential preservation of strata is that while the Guelph
Formation was being exposed and eroded in the western and central Michigan Basin,
more restricted marine metre-scale shallowing upward and increasingly more sabkha-like
environments persisted south of the present-day Bruce Peninsula and Luther Lakes and
Elora regions.
Following this post-Guelph hiatus and karsting event, the Guelph carbonate highs
– built on well-cemented and resistant encrinites of the Gasport and Goat Island reef
mounds, and in places Eramosa wackestones – stood as tall residual columns of
weathered carbonate referred to as karst towers. In the Appalachian Basin, the partially
emerged Guelph rocks led to the weathering and karsting of only the uppermost strata
(Facies 4).
The majority of weathering responsible for shaping the karst towers would have
taken place during post-Guelph and pre-Salina Group deposition. The time to create the
karst towers in this paleokarst basin may have been substantial, indicating a longer hiatus
than previously thought. This paleokarst basin would have looked similar to the karst
terrain of the modern day Li River in Guangxi Zhuang Autonomous Region, China. Here,
isolated karst towers are of Devonian to Upper Carboniferous limestones and are thought
to have been largely created in the past few million years (Sweeting, 1978). Additionally,
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the thickening and thinning relationships in the paleokarst topography of the Lockport
Group (see Section 3.4) are similar to that of the karst sub-basins on the Florida Platform,
Late Oligocene to Middle Miocene carbonates (Hine et al., 2009). The karstic topography
on the Florida Platform displays up to 100 m of relief and was shaped during a sea-level
lowstand in the mid-late Miocene. This karst sub-basin created accommodation and was
filled by siliciclastics within a deltaic system during part of the Pliocene. Although the
extent of karst basin dissolution during the Silurian of the Michigan Basin and
surrounding regions of Mid-Continent region, is similar to that of the younger Florida
peninsula region, the main difference is the Silurian karst basin is filled with chemical
sediments (gypsum, anhydrite and salt deposits) and intermittent microbial and/or tufatextured carbonates of the lower Salina Group; this post-Guelph karst basin would have
created depositional lows for the Salina A-Unit to be preserved instead of the traditional
view of tectonic subsidence.
Others have suggested subaerial/karsting events, but without the regional
perspective provided in this study (e.g., Burgess and Benson, 1969; Sanford 1969). Gill
(1977a) suggested a subaerial break following Guelph ‘pinnacle reef’ formation and
deposition of the Salina evaporites, but with a ‘pinnacle view’; he also acknowledges
exposure and sea-level fluctuations throughout Guelph time. Similarly, Mesollela et al.
(1974), Huh et al. (1977), Sears and Lucia (1979) suggested that one and ‘possibly’ two
subaerial exposure episodes took place post-Guelph bioherm development. Later, Smith
(1984) suggested eight periods of subaerial exposure that highlight each reefal growth
phase. Smith (1984) further suggested that weathering by rain water was responsible for
the formation of karst breccias, soil breccias, enhanced porosity, and the development of
small caves via enlargement of joints and/or conduits. Charbonneau (1990) suggested
several subaerial episodes throughout Guelph time and major karstic episodes pre- and
post-Guelph time.
Therefore, this study suggests that the Guelph ‘pinnacle reefs’ did not develop as
isolated mounds, but actually are much more widespread than previously discussed
(Sanford, 1969; Mesolella et al., 1974; Bailey, 2000) and represent karst towers formed in
an extensive paleokarst basin that was filled during Salina time via small-scale marine
transgressions and evaporation in the arid climate (Fig. 4.8; see below).
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4.6 Interpretation and discussion of the Salina A-Unit
In the Michigan Basin, the Salina Group makes up a large majority of sediment preserved
in the centre of the basin and reflects largely sabkha environments (Gill, 1977a; O’Shea et
al., 1988). The overlying microbial laminites of the basal Salina A-Unit are different in
character than those of the Upper Guelph Member, such that they are medium to dark
brown in color, typically planar with regular lamination patterns, have a common diffuse
clotted fabric, and locally can be moderately to severely dissolved. It is important to note
that no intraclasts of Guelph strata are found in the Salina A-units, this may be due to the
lack of data in these areas, or can suggest either: (i) complete submergence of Lockport
rocks; or (ii) a very arid climate with little mechanical erosion of the exposed karstic
towers. The four basal units of the Salina A-Unit, the A-0 Carbonate, the A-1 Evaporite,
the A-1 Carbonate and the A-2 Evaporite, are interpreted and discussed below.
The karstic and irregular topography of the basin in post-Guelph time explains the
local presence of the A-0 Carbonate and A-1 Evaporite (see Section 4.5; Fig. 4.6B). The
A-0 Carbonate and basal A-1 Carbonate are lithologically the same: microlaminated
dolomudstone to dolomicrite (Gill, 1973; 1977a; Cercone, 1984). The only discernible
characteristic that allows differentiation of the A-0 and A-1 carbonates seems to be that
they are separated by the A-1 Evaporite. Both the A-0 and A-1 carbonates reflect cyclic
marine transgressions on the sabkha flat. The absence of burrowers and marine
invertebrates suggest very saline and inimical waters. Comparable to the microbialites of
Abu Dhabi (Purser and Evans, 1973), the A-0 and A-1 carbonates formed in low-lying
areas on the sabkha flat in highly saline waters ( up to 70 % salinity) of approximately 1-2
m water depth. Desiccation cracks and anhydrite seams in the uppermost strata of both
suggest periodic exposure and evaporation outpacing marine and groundwater influx.
The A-1 Evaporite completes the first T-R cycle of the Salina and is the first
attempt at the transition to a desiccated brine-pan (Fig. 4.8). Isotope trends for the Salina
suggest an oxic sabkha-like environment for deposition of the A1- and A2 evaporites
(O’Shea et al., 1988). The A-1 Evaporite changes to halite and sylvite towards the west,
but like facies of the Lockport, the A-1 Evaporite does not conform to the bull’s eye
shape of the Michigan Basin. The potash deposits are actually asymmetrically distributed
throughout the entire northwestern portion of the basin, where
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Figure 4.8: Depositional model for the Salina A-Unit. Refer to legend and map in Fig.
4.3.
The paleokarst basin that existed after Guelph deposition (see Fig. 4.6) was
ultimately filled by laminites and evaporites deposited under alternating
conditions of small-scale marine transgressions and evaporation on the vast
sabkha flat. The initial stage of marine transgression is recorded by the
microbialites of the A-0 Carbonate. Evaporation led to development of a
desiccated brine-pan and the precipitation of the A-1 Evaporite. The A-1
Carbonate, the second phase of small-scale marine transgressions, entombs the
karst towers. Completing the second transgressive-regressive (T-R) cycle was the
deposition of salt-pan precipitates, as recorded in the A-2 Evaporite, as anhydrite
transitions to salt.
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the beds thicken and coalesce in the northwestern margin (Numi and Friedman, 1977;
Sonnenfeld, 1989). This asymmetric distribution of evaporites is rarely addressed in
regional stratigraphic studies.
The A-1 Carbonate, the second phase of small-scale marine transgressions on the
sabkha flat, entombs the karst towers before the onset of the evaporite-forming
conditions. These microlaminated mudstones and flat microbial laminites formed in the
low-energy peritidal environment with sparse soft-bodied burrowers (mottling). Several
anhydrite horizons and the local dual (‘Rabbit Ears’) anhydrite beds, reported in
Michigan (Gill, 1977a), suggests that inflow of marine waters was not always consistent
resulting in periodic and probably local desiccations of the Michigan Basin. Several other
structures reported in the A-1 Carbonate suggest subaerial exposure: (i) small karstic
conduits filled by vadose silts in the uppermost beds (Carter et al. 1994); (ii) erosional
channels in the subsurface of Michigan cutting into underlying strata (Nurmi, 1974); (iii)
two interbedded anhydrite zones (called the ‘Rabbit Ears’) locally co-occurring
throughout Michigan (Gill, 1973; 1977a); (iv) indurated crusts (Gill, 1973; 1977a); (v)
stromatolites with thin caliche deposits in northern Michigan (Sears and Lucia, 1979; Huh
et al., 1977); (vi) travertine (tuffa) laminites in the basal A-1 Carbonate of northern
Michigan suggested to form during subaerial exposure (Cercone, 1988). Additionally,
carbon and oxygen isotope trends in the Salina A-Unit carbonates from cores in Lambton
County and Newaygo County in Michigan (the inferred centre of the basin), suggest
basin-wide anoxia and shallow subtidal to costal sabkha deposition (O’Shea et al., 1988).
Completing the second transgressive-regressive (T-R) cycle of the Salina Group is
the A-2 Evaporite. The vertical transition from anhydrite to halite suggests the Michigan
Basin completely transitioned to a desiccated brine-pan. It is important to mention that at
localities with karst towers, or what are called the ‘pinnacle reefs’ (Armstrong and Carter,
2010), the MNR petroleum well database makes the assumption that the A-1 Carbonate is
absent in well log picks. This is not at the case, as the A-1 Carbonate was found at the top
of all the karst towers.
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In the Appalachian Basin (Area 3), where the A-0 Carbonate and A-1 Evaporite
are absent, the A-1 Carbonate disconformably overlies Facies 8 of the Guelph Formation.
The absence of anhydrite nodules and/or seams and sparse exposure features suggests the
microbial mats were submerged in Area 3; however, oceanic conditions were still saline
and faunally-restrictive. Collapse breccias, desiccated laminae and thin gypsum seams,
locally present closest to the Algonquin Arch, indicate slight fluctuations in sea-level in
the Appalachian Basin (Area 3). The absence of the A-0 Carbonate, A-1 Evaporite and
the less evaporitic facies of the A-1 Carbonate in the Appalachian Basin (Area 3) suggest
conditions were not as restricted on the sabkha flat in comparison to the Michigan Basin
(Area 1).
Overlying the A-2 Evaporite is a thinly laminated micrite unit (if present) and a
thinly laminated black shale unit called the A-2 Shale; together these form the A-2
Carbonate (see Fig. 2.7). The A-2 Shale is rarely cored, as coring typically begins after
the A-2 Evaporite, but it represents a strong excursion on the gamma-ray log and is used
as a marker bed to subdivide the ‘Lower Salina Group’ (Salina A-Unit) and ‘Upper Salina
Group’ (Salina B-unit to G-unit; Smith, 1992). The distribution of A-2 Shale supports
differential subsidence of the sabkha flats and the Michigan Basin tilting to the northwest
producing a “half-moon” referred to as the “Salina A Basin” (Smith, 2002). The above
suggests the Michigan Basin was likely not bull’s eye shaped in early Salina.
Smith (1992) proposed that the collapse breccias, irregularities in thicknesses,
vertical fractures and lateral facies changes seen throughout the evaporites of the Salina
indicate regional subsurface solution of evaporites, most notably of halite. This suggests
that groundwater flows beginning in A-1 Carbonate time was responsible for the removal
of halite and solution dissolution that reached a peak post-Salina, pre-Bass Islands time
(see Fig. 1.2), during a prolonged subaerial exposure period (Smith, 1992). Thus, there is
more syn- and post-erosion and dissolution of carbonate and evaporite units than
previously believed (or previously understood).

192

Chapter 5: Synthesis of Depositional and Post-Depositional
Factors Relating to Lockport ‘Pinnacle Reefs’
5.1 Introduction
The previous chapter focused on interpreting the depositional environments of individual
facies with a stratigraphic context for the underlying units of the Lockport Group and the
overlying Salina A-Unit. In this chapter, a review of the previous hypotheses on the origin
of the so-called ‘pinnacle reef’ features in the Lockport succession of the Michigan Basin
is provided, along with new insights on the nature of these features as revealed from new
data acquired over the course of the present study. The aim of this chapter is to develop a
model of formation for these features that is both compatible with observations of
previous authors and consistent with the regional-scale depositional and erosional patterns
realized in the present study of the Michigan Basin.
5.2 ‘Pinnacle reef’ structures
Several hypotheses have been proposed to explain the formation of the mound- to
pinnacle-like features known to exist in the Silurian carbonates of the Michigan Basin
(Fig. 5.1 A-F). A few studies have suggested, at least on a local scale, a strong temporal
association between some of these ‘pinnacle reefs’ and events of subaerial erosion and/or
karst development (e.g., Gill, 1977a; Charbonneau, 1990; Carter et al., 1994; Bailey,
2000). This raises the important question of whether the so-called ‘pinnacle reefs’, long
thought be constructional, deeper water reef mounds, are in fact karst towers comprising
erosional remnants of the Lockport Group (Fig. 5.1 G).
In considering the basis on which the ‘pinnacle reef’ model was developed, it
should be pointed out that the majority of these reef-based interpretations were made
before karstification was widely recognized in cores. In many previous studies, the
presence of sporadic skeletal framebuilders in a core interval was often accepted as
adequate evidence for a reefal facies. Most importantly, this study provides the first
regional compilation of the variability in lithofacies of each of the four formations that
make up the Lockport Group. Furthermore, these 3-D carbonate highs bear an apparent
overall resemblance in shape to features identified in seismic profiles as reefs (Dunham,
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1970). Previous models proposed for the ‘pinnacle’ features of the Michigan Basin have
largely been based on data from only a local area. The regional context of the present
study has allowed for an assessment of the compatibility of these models to basin-wide
depositional patterns based upon a much improved understanding of the regional
sedimentological/stratigraphic character of the Guelph Formation.
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Figure 5.1: Comparison of previous Niagaran/Guelph/Lockport ‘pinnacle reef’ models to
the current proposed karst tower model. These models have evolved over time. Below are
a list of the compiled models, nomenclature used and the key contributions of each:
A: Pounder (1962; Ontario), recognized: (i) the ‘Guelph-Lockport’ is composed
of three units; (ii) the ‘pinnacle reef’ growth began in the Middle Unit (= Niagara Falls
Member, Goat Island Formation of this study); (iii) and the presence of unconformities.
He also suggested that the ‘Guelph-Lockport’ paleogeography does not fit the bull’s eye
shape of the Michigan Basin.
B: Mesolella et al. (1974; Michigan), recognized: (i) a subaerial exposure event
following deposition of their ‘coral-reef’ phase; (ii) and a short hiatus between Niagaran
and Cayugan (Salina) time, but suggested that ‘reef’ development took place in a
‘quasicontemporaneous depositional setting’, one carbonate and evaporite.
C: Huh et al. (1977; Michigan), recognized evidence for exposure in the entire
uppermost portion of the ‘pinnacle reef’: vadose sediments, caliche crusts, solution
leaching, erosional surfaces, iron oxides, flat-pebble conglomerates; and a Guelph-Salina
unconformity.
D: Sears and Lucia (1979; Michigan), recognized that the ‘pinnacle reef’ buildup
reflects increasing salinity, but suggested continuous reef growth and only one subaerial
exposure event post-Niagaran deposition.
E: Charbonneau (1990; Ontario), recognized: (i) several episodes of subaerial
exposure (ii) and the correlation of two separate, possibly regional, exposure surfaces: a
lower surface, top of Lockport (=Goat Island Formation, Niagara Falls Member); and an
upper surface, top of Guelph Formation.
F: Bailey, (2000; Ontario), first acknowledged these carbonate structures are
actually mud mounds and not ‘reefs’.
G: The proposed karst tower model, this study. The karst tower is a carbonate and
silt-dominated 3D structure with variable disconformities separating the Gasport and
Goat Island formations and displays the most significant erosional episodes in Guelph
and post-Guelph (see Fig. 4.8C for detailed description on architecture and stratigraphic
relationships).
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F: Bailey, 2000
A: Pounder, 1962

E: Charbonneau, 1990

D: Sears and Lucia, 1979

B: Meosolella et al., 1974

C:Huh et al., 1977

G: This study-karst tower

5.3 Karstification events
Previous studies have noted that only the lowermost and uppermost karstic surfaces in the
Guelph Formation can be correlated between ‘pinnacle features’ and all other exposure surfaces
within the Guelph Formation cannot be correlated (Charbonneau, 1990; Carter et al., 1994). This
study corroborates the above observations, in that the majority of exposure surfaces cannot be
correlated between karst towers or to the topographic lows, and that the penetrative karst and
brecciation textures contribute to the difficulty in facies characterization. The difficulties in
correlating karst surfaces with in the Guelph Formation is related to: (i) the irregular topography
of the Guelph strata resulting from their accumulation on the Gasport and Goat Island formations
and the later influence of this surface on subsequent karst development within the Guelph
Formation; (ii) the variability in facies characteristics of vertical carbonate successions
deposited on the topographic highs; and (iii) post-Guelph faulting resulting in local uplift in
some areas (Charbonneau, 1990).

5.4 Guelph-Salina contact
The nature of the contact between the Lockport and Salina groups has been debated for many
years. Many workers suggested an ‘unconformable’ contact between the Guelph Formation and
Salina A-Unit throughout Ontario (Pounder, 1962; Charbonneau, 1990; 1991; Smith, 1990a;
Carter et al., 1994; and Bailey, 1986; 2000). Smith (1990a) suggested a significant hiatus and
disconformity, claiming that only the A-0 Carbonate is present in the ‘inter-reef’ and the Guelph
Formation is absent. This study identifies the Guelph Formation in all of the areas that are
referred to as ‘inter-reef’ (Sanford, 1969), the areas between karst towers (the localities with the
less than 10 m of Guelph strata).
Descriptions of the lithologic contact between the Lockport and Salina groups proposed
by early authors in Michigan, include: (i) a ‘sharp break’ (Ells, 1967); (ii) a conformable contact
(Burgess and Benson, 1969); and (iii) a disconformity (Alling and Briggs, 1961; Gill, 1973;
1977a; Briggs and Briggs, 1974; Huh et al., 1977; Sears and Lucia, 1979). In contrast, Sloss
(1969) believed that the deposition of the ‘inter-reef’ Salina A-units was contemporaneous with
the ‘pinnacle reef’ buildup. Similarly, Mesolella et al. (1974) suggested a short hiatus where
‘quasi-contemporaneous’ deposition took place, one carbonate and one evaporite. Soon after,
Liberty and Bolton (1971) suggested that the so-called unconformity between the Guelph and
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Salina in Ontario should be ‘minimized’ based on the suspicion that Guelph ‘inter-reef’ facies
grade laterally and vertically into the Salina strata, implying little or no erosion between these
units.
In northwestern Ohio, based on the presence of sink-holes and mottled red-orange
paleosols at top of the Lockport/Pebbles Dolomite before the onlap of the Greenfield Dolomite
(=A-1 Carbonate of this study), Kahle (1971; 1988) suggested a period of subaerial exposure and
a paleokarst unconformity. Similarly, Janssens (1971) recognized an unconformity in
northwestern Ohio, and only local disconformities in northeastern Ohio marked by a green shale
bed, similar to the green shale bed seen at the top of the Guelph Formation in the Appalachian
Basin (Area 3) of this study. In contrast, no evidence of an unconformity has been reported in
northwestern Pennsylvania, eastern Ohio (Rickard, 1969) and in northern Indiana: a conformable
contact and contemporaneously Salina deposition with Niagaran reef growth has been suggested
(e.g., Shaver et al., 1971).
To date, no consensus has been reached on the nature of the Guelph-Salina contact
(Armstrong and Carter, 2010). This is primarily due to the limited studies of the Guelph
Formation since the 1990s. Cramer et al. (2011) addresses the uncertainty in the age of the
Guelph-Salina contact, but places both the Guelph and lower Salina units at the base of the
global Ludlow Series (Niagaran-Cayugan Series). As discussed in Chapter 4 (see Section 4.5),
the new interpretation proposed in this study – karst terrain produced at the end of Guelph time,
associated with a significant period of subaerial erosion, better explains the regional
juxtaposition of Lockport Group formational contact and the character of karst features observed.
Therefore, the Guelph-Salina contact represents a much longer time break than previously
thought (Gill, 1977a; Charbonneau, 1990).

5.5 Diagenetic events
This study corroborates the complex diagenetic history for the Guelph Formation and underlying
carbonate-dominated rock units of the Lockport Group, as proposed by Zheng (1997) and
Coniglio (2003). Subaerial exposure and a variable marine diagenetic history have resulted in
this complex diagenetic history. The diagenetic history of the Guelph Formation was not the
focus of this study – a brief summary of previous work is provided below.
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Smith et al. (1988) showed that different stages of diagenetic processes were caused by
varying pore fluids which were unevenly distributed throughout Silurian ‘bioherms’ due to
variable karstic-enhanced porosities. These authors suggested that the ‘pinnacle reefs’ underwent
six diagenetic stages, including: (i) early marine diagenesis characterized by pore-linings of
isopachous, fibrous calcite; (ii) meteoric diagenesis represented mainly by initial infill of
stromatactoid cavities; (iii) vadose diagenesis via vadose-silt cement in karstic-enhanced pores;
(iv) phreatic diagenesis, evidenced by late, iron-poor, blocky calcite infill of stromatactoid
cavities; (v) karstic marine diagenesis via enhanced porosity in uppermost portion of bioherms;
(vi) late burial diagenesis typified by rhombic dolomite and equant calcite in vugs and fractures
from highly saline basinal brines (Cercone and Lohmann, 1986). In comparison, the ‘patch reefs’
underwent only diagenetic processes (i), (v) and (vi) that are significantly masked by
dolomitization. Charbonneau (1990) further proposed that meteoric diagenesis was responsible
for producing karst surfaces, paleosols and caliche horizons during subaerial exposure and postdepositional production of stylolitic cross-cutting fabrics throughout the Guelph Formation.
These above diagenetic characteristics were observed in this study in the subsurface cores from
the western Michigan Basin, extending from southwestern Ontario to northwestern Michigan.
Coniglio et al. (2004) suggested that porosity and cavities throughout the Guelph
Formation were formed by late dolomitization and argued against subaerial exposure fabrics
(caliche, brecciation, vadose pisoliths, and secondary porosity). In this study, however, these
vadose diagenetic deposits and fabrics are convincingly documented, which supports the earlier
interpretation of subaerial exposure and diagenesis by meteoric waters (Cercone, 1988; Smith et
al., 1988; Charbonneau, 1990).

5.6 Dolomitization
The intensity of dolomitization apparent in the Lockport Group and basal Salina Group
throughout the study area is quite variable throughout the study region. All of the outcrops and
cores examined in Area 2 and Area 3 are pervasively dolomitized, whereas in Area 1 the
lithology may be either limestone, dolomitic limestone or dolostone. In all cores throughout
Michigan, the northwestern portion of Area 1, the Lockport Group and the carbonate strata of the
Salina A-Unit are dolomitized. Only at certain Ontario localities of Area 1 is a portion of the
Lockport Group limestone. At these localities, a change from dolostone to limestone occurs
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almost invariably at the unconformity of the Goat Island Formation (Niagara Falls Member) and
Guelph Formation (Lower Guelph Member), where the Guelph Formation is thickest (> 10 m).
In Ontario, it has been shown that a ‘pinnacle reef’ is usually dolomitized if its
surrounding A-1 Carbonate is dolomitized (Pounder, 1962). In Lambton County, the Guelph
portion of the ‘pinnacle reefs’ are commonly limestone with little salt infill and an A-2 evaporite
cap serving as a seal from dolomitization fluids (Carter et al., 1994); however, as discussed in
Chapter 4 (see Section 4.6), the A-1 Carbonate is always present between the Guelph Formation
and A-2 Evaporite. A similar trend was observed in Lambton County, where the Guelph
Formation and overlying A-1 Carbonate of most, but not all, carbonate highs are limestone;
however dolomitic patches, not previously addressed, were found to exist at the base of these
cores. In Huron and Grey counties where the so-called ‘reefs’ are dolomitized and salt-plugged,
Carter (1991) showed that the dolomitization of the A-1 and A-2 carbonates are spatially
associated with local faulting and complete dissolution of the B-Salt unit; this faulting would
have occurred in post-Guelph time. In the present study, cores from Lambton County also
showed variable salt-plugging where the overlying B-salt is present; and those logged from Grey
County showed salt-plugging variably in the Gasport Formation, but not the Guelph Formation.
Carter (1991) showed that faulting and associated zones of B-salt dissolution suggest regional
dolomitization after lithification as such areas would have provided easy pathways for
dolomitizing fluids. If this was the case and faulting occurred throughout the entire Michigan
Basin (Sanford et al., 1985), one would expect the entire area including the carbonate highs
(‘pinnacle reefs’) to be completely dolomitized.
In contrast to the scenario discussed above, it has been suggested that dolomitized
travertine (tufa) laminites in the basal A-1 Carbonate of Michigan formed during subaerial
exposure (Cercone, 1988), and they have been commonly compared to the laminites in the
Devonian Winnipegosis reefs of the Elk Point Basin of western Canada (Kendall, 1989).
Dolomitization in the Winnipegosis reefs is suggested to have occurred at the same time of
deposition of the overlying evaporite unit. Kendall’s (1989) model proposes that sea-level
drawdown created a large hydraulic head between the brine of the isolated basin and surrounding
basins, producing hydrodynamic drive of formational waters resulting in dolomitization and
calcium-rich waters reacting with brines precipitating gypsum. Given the similarity in
architecture between the Winnipegosis reefs and the karst towers proposed in this study, and the
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relationships with overlying evaporite units, dolomitization could possibly be due to upward
movement of basinal brines into the evaporitic Michigan Basin. The current study suggests
Kendall’s (1989) hypothesis is a more likely cause of dolomitization throughout the Michigan
Basin and better explains the presence of limestone at the top of the kart towers (Guelph
Formation): upward movement of basinal fluids did not reach these heights, but thoroughly
dolomitized lower-lying areas (the base of and between karst towers and towards the topographic
low-lying west) and those submerged in shallow restricted lagoonal waters (towards the east).
However, dolomitization patterns are beyond the scope of this study and needs to be studied
further with the present stratigraphic framework and proposed architecture of the Lockport
Group.

5.7 Implications for regional tectonics and the Michigan Basin geometry: Was the basin a
basin during Lockport Group deposition?
In previous studies, there has been a general lack of investigation of the architecture of the
Guelph Formation and underlying units of the Lockport Group across the Michigan Basin. Based
upon the new data and re-examination of existing cores in this study, a preliminary assessment of
the observations and interpretations of the Lockport Group strata and their implications for
tectonics and basin geometry will be provided below.
Pounder (1962) was the first to suggest that the distribution of the Guelph-Lockport strata
did not fit the bowl-shape of the Michigan Basin, although this observation was disregarded in
subsequent studies. Later, Alling and Briggs (1961) showed isopachs of the Michigan Basin
where the Lockport strata increase in thickness towards the inferred eastern and western edges of
the basin, in contrast to other Silurian units that dip towards the ‘basin centre’. Bailey (2000)
proposed that the Silurian Sea was widespread and sea-water washed over the low-lying
Algonquin Arch from both the Michigan and Appalachian basins and suggested that the water
replenishment flows to the southeast where the ‘barrier reef complex’ is located (Area 2),
produced a shallowing and brining water column in the ‘pinnacle reef belt’ (Area 1). In this
interpretation, Bailey suggested deeper water conditions to the southeast (outcrop-subcrop belt),
but still placed the basin centre towards present-day Lake Huron. More recently, Smith (2002)
suggested that the siliciclastic-free karsted carbonates and evaporites of the Guelph and Salina
strata record a time when the Michigan Basin was an epieric sea.
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It is generally agreed that the subsidence of North American intracratonic basins was
initiated by extensional breakup of super-continents and that their circular-shapes were responses
to reactivation of tectonic structures that accompanied mantle flow instabilities (Allen and
Armitage, 2012). Despite the evidence that the Michigan Basin tilting eastward in the Late
Ordovician (Coakley and Gurnis, 1995), most interpret the circular shape of the Silurian
evaporites to reflect a syndepositonal pattern, implying an anomalous extensive depocentre
(Allen and Armitage, 2012). However, this interpretation does not explain why the bulk of the
preserved strata in what is suppose to be the centre of the Michigan Basin reflects sabkha
environments of the Salina Group (Gill, 1977a). Given that the ‘Salina A Basin’ tilted to the
northwest (see Section 4.6; Smith, 2002) and the dissolution of salts took place at the end of the
Salina time (see Section 5.6). It is most likely that the circular shape of the Michigan Basin was
formed after the accumulation of the Salina A-Unit as a result of the reactivation of tectonic
structures where the eroded Salina sabkha sediments conformed to the new shape. Or perhaps, at
one time the evaporites extended much further across parts of Laurentia than the present-day
erosional boundaries reflect.
Although the entire Lockport Group is characterized by a series of T-R carbonatedominated or stacked cycles and overall display progressive shallowing, resultant regional
karstification, a subsequent continental-scale sabkha and other hypersaline environments. These
regional facies mosaics of the Lockport Group suggest the Michigan Basin was tilted to the east
during Early Silurian time. Sedimentologic and stratigraphic evidence to support this
interpretation includes: (i) the most open marine strata of the Lockport units that display the
thickest preservation and least subaerial exposure occur towards the east in outcrop/subcrop belt
of Ontario; (ii) thick crinoidal reef mounds with the largest and most abundant crinoid and
invertebrate corals and calcified sponges in the Gasport and Goat Island formations occur in the
east (see Section 4.5); (iii) karstification and other subaerial exposure features that penetrated the
Goat Island and Guelph formations in the western portion of the Michigan Basin, such as those
found in southwestern Ontario, Michigan, and northwestern Ohio, are best developed in central
and western parts of the Michigan Basin (Gill, 1973; 1977a; Cercone, 1988; Smith et al., 1988;
Kahle, 1971; 1988; Charbonneau, 1990; 1991; Carter et al., 1994; Bailey, 2000). These
depositional and diagenetic features strongly suggest that the Michigan Basin did not have a
bowl-shaped geometry during the deposition of at least the Lockport Group.
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Chapter 6: Conclusions
This study forms part of a regional deep bedrock aquifer mapping program by the Ontario
Geological Survey intended to better understand the stratigraphic controls on groundwater
flow across southern Ontario. Data from more than 56 cores drilled across southern
Ontario since 2004 and hundreds of deep bedrock water well and oil/gas well records,
including selected cores from Michigan, have been incorporated to provide the first
comprehensive regional stratigraphic perspective of the Guelph Formation and its
relationships to the rest of the underlying strata of the Lockport Group.
The Lockport Group, as recognized in southern Ontario and Michigan, is a
succession of open- to restricted-marine carbonates of Wenlock age, comprising, in
ascending order, the Gasport, Goat Island, Eramosa, and Guelph formations. Despite a
history of study for more than 150 years, it has proved difficult to determine the relative
ages and lithofacies composition of stratal units of the Lockport Group. Major factors that
have hindered a regional synthesis of the Lockport Group include: 1) the paucity of good
exposures of the entire Lockport Group succession; 2) no previous designation and
detailed description of type sections for uppermost strata of the Lockport Group: the
Eramosa and Guelph formations; 3) correlation difficulties related to lateral changes in
lithology within and among stacked dolostone units of the Lockport interval; 4)
complications posed by the overprinting effects of post-depositional processes such as
karst-related erosion and subsurface dissolution, and diagenetic phenomena related to
large-scale fluid flow (e.g. dolomitization); and 5) the lack of a unified stratigraphic
nomenclature between subsurface and surface studies and across political boundaries.
The Guelph Formation can be divided into two units (herein referred to as the
Lower and Upper members), each containing distinctive facies that collectively contribute
to a predictable architectural theme on a regional scale. Eight major facies are recognized
in the Guelph Formation-Facies 1: Stromatoporoid-algal-skeletal packstone to
wackestone; Facies 2: Coral-stromatoporoid-skeletal floatstone; Facies 3: Skeletal-algal
wackestone to mudstone. Facies 4: Gastropod-bryozoan-algal wackestone to mudstone;
Facies 5: Gastropod-megalodont-algal wackestone to mudstone; Facies 6: Pisoliticgastropod wackestone to mudstone; Facies 7: Microbial-laminated mudstone; and Facies
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8: Brecciated microbial laminites and/or mudstones. Of these, Facies 1 to 3occur in the
Lower Member, with the remaining five (facies 4-8) occurring in the Upper Member.
In the eastern part of the Michigan Basin, the Lower Guelph Member is
characterized by skeletal-rich and reef mound-bearing carbonates indicative of open
marine conditions. Westward, however, the member consists of carbonates exhibiting a
more restricted marine aspect or in some areas is completely absent. A similar pattern is
apparent in carbonates of the Upper Member, which record increasingly restricted marine
conditions from east to west in overall facies characteristics; and also within small-scale
shallowing upward cycles. Of the Guelph facies, those showing the most persistent and
deepest open marine sedimentary character and faunas and displaying the least effects of
subaerial exposure occur in the eastern portion of the Michigan Basin and the
northwestern portion of the Appalachian Basin. In contrast, the facies representing the
most restricted marine conditions and the strongest effects of subaerial exposure (as
exhibited by karst dissolution features that extend downward into the underlying Goat
Island Formation) occur in the central to western portions of the Michigan Basin.
Observations made on the Guelph succession in the present study contradict the
widely adopted pinnacle reef model inferred from previous investigations of the Guelph
Formation. More specifically, the recognition that the Guelph Formation in the central
and northwestern parts of the Michigan Basin largely consists of stacked tabular beds (as
opposed to thick accretions of massive carbonates showing reefal affinities),
fundamentally argue against such a model. Rather, pinnacle-like topography, that is
reflected in the extreme thickness variations of the Guelph Formation and underlying
units of the Lockport Group, appears to be entirely a consequence of post-depositional
erosion associated with karst development.
Observations made in the present study enable the formulation of a new
interpretation for the depositional history of the Upper Lockport Group and fresh insight
to the paleogeography of the Michigan Basin during Wenlock time. Carbonate strata of
both the Eramosa and Guelph formations are interpreted to have been deposited on an
easterly dipping carbonate ramp. Evidence of regional erosion/karstification in the upper
Lockport Group and basal Salina strata points to a period of subaerial exposure that postdated Guelph deposition. The proximal juxtaposition of, and envelopment of the karsted
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remnants of the Guelph through Goat Island-Gasport formational highs with younger
Salina Group strata in the subsurface of Michigan Basin accentuates the regional 3-D
seismic character of what is being interpreted as paleokarst towers. The foundations of
these karst towers are the well-indurated grainstones to wackestones of the Gasport and
Goat Island formations (basal Lockport Group strata). Between karst towers, a similar
facies succession occurs, where the facies units are thinner and crinoidal reef mounds are
generally absent or poorly developed in the Gasport and Goat Island formations. The only
true Guelph reef mounds occur in the Lower Guelph Member of the eastern Michigan
Basin (Ontario) in a deeper open-marine ramp setting. The presence of ‘organic reef
facies’ described from some Guelph pinnacles actually represent Niagara Falls member
crinoidal reef mounds of the Goat Island Formation – the actual Guelph Formation facies
present within these composite Lockport Group 3-D ‘pinnacle reef’ structures are not
reefal in character.
Regional stratigraphic relationships of Lockport Group strata suggest that the
paleotopographic relief of the so-called Guelph (or more accurately the upper Lockport
Group) pinnacles and the paleotopographic low “bullseye” in the Michigan Basin may, in
fact, be a regionally extensive paleokarst basin. Therefore the paleotopographic low in
central Michigan Basin (determined from draping of Salina Group strata on Lockport
Group carbonates with paleo-relief of up to 100 m), is here interpreted as an erosional
karst-terrain depression and not a deeper water depositional basin feature with seaway
outlets and rimmed pinnacle reefs, as previously depicted in the majority of
paleogeographic maps. These paleokarst basins have some common character traits: 1)
no basin fill spatially and laterally associated with the generally steep, carbonate platform
margins; 2) they possess numerous isolated karsted table-top-like pinnacles/remnant
edifices; 3) these karst towers are generally enveloped by younger evaporitic-chemical
sedimentary successions and no syn-sedimentary basin fills. Other examples within
Laurentia are arguably the Middle Devonian Keg River and/or Winnipegosis reefs of the
Elk Point Basin (Kendall, 1989; Jin and Bergman, 2001; Fu et al., 2006).
The Lockport Group shows a temporal trend in depositional conditions from more
open marine and higher energy conditions (in the basal Gasport and Goat Island
formations) to increasingly restricted marine and hypersaline conditions during deposition
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of the Eramosa and Guelph formations. The basal Gasport and Goat Island rock units of
the Lockport Group also display similar lateral facies belt trends to that described for the
Guelph Formation whereby the most open marine facies are found towards the
Appalachian Foreland Basin and/or inboard of ephemeral forebulge and the most
restricted marine facies are found in the present-day central portion of Michigan Basin.
Following Lockport Group karstification and erosion and paleokarst basin development,
which persisted during A-0 and A-1 time, a regionally extensive Salina Group sabkha or
salt pan was established, arguably over a large part of Laurentia.
It is important to note that our perception of the centre of the present-day
Michigan Basin is strongly influenced by the erosional cuesta cliffs of the Niagara
Escarpment and Door Peninsula (eastern Wisconsin) and the drape of Salina Group strata
on the irregular paleotopography of the Lockport Group karst terrain. Silurian facies of
the Lockport Group most likely extended much farther across Laurentia than the presentday erosional cuesta-edge depicts. Because the Lockport Group succession comprises
relatively clean, stacked T-R cyclic carbonates, – chemical dissolution on a regional scale
during and after Guelph deposition would have produced a karst terrain with virtually no
residual or inter-pinnacle derived sediments. This is what the facies juxtaposition of the
Lockport Group and overlying Salina Group microbialites and evaporites record across
Michigan and parts of southwestern Ontario.
Re-interpretation of the temporal/spatial architecture of the Lockport Group and,
in particular, the nature of the so-called ‘Guelph pinnacle reefs‘ adds a new perspective
on the paleogeographic setting for Michigan Basin during Wenlock time. It is hoped that
the results of this study will encourage more coring of these complex 3-D targets, and will
encourage both the re-evaluation of existing plays and enable successful exploration of
new targets for this challenging oil/gas production play in the deeper subsurface of the
Michigan Basin.
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APPENDIX A:
STRUCTURAL CROSS-SECTIONS OF SILURIAN STRATA
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Figure A1: Legend of symbols used in figures A2-A8.
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Figure A2: Cross-section A-A’ is located in the subcrop/oputcrop belt, extending from
just south of the City of Guelph, northwards through Bruce County to the tip of the Bruce
Peninsula (see Figs. 3.1, A1).
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Figure A3: Cross-section B-B’ runs parallel along the northeastern shore of Lake Eire.
Extending from just offshore of Welland County to Elgin County (see Figs. 3.1, A1).
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Figure A4: Cross-section C-C’ extends from onshore of Lake Erie southward to the
United States/Canada border line in Lake Erie (see Figs. 3.1, A1).
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Figure A5: Cross-section D-D’ straddles the Algonquin Arch crossing from the
Appalachian Sub-Basin into the Michigan Basin and back into the Appalachian SubBasin (see Figs. 3.1, A1).
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Figure A6: Cross-section E-E’ extends along shore of northwestern Lake Erie and
Ontario in Kent County (see Figs. 3.1, A1).
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Figure A7: Cross-section F-F’ is located in Lambton County, extending from the near the
southern county boundary to the northwestern corner (see Figs. 3.1, A1).
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Figure A8: Cross-section G-G’ is located in Michigan State. This section extends from
southeastern Michigan, 255 km across central Michigan (where Lockport Group corehole data is absent at the MGRRE), to northwestern Michigan (see Figs. 3.1, A1).
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